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Abstract 
The work presented in the subject Thesis investigates experimentally and numerically 
the potential benefits stemming from the introduction of steel fibres into the concrete 
mix in order to enhance the material properties of structural concrete and improve the 
response of RC structural elements under static and high rate (impact) loading. The 
effect of a number of parameters associated with the fibres used (e.g. aspect ratio and 
volume fraction) on the exhibited structural response is studied experimentally, by 
carrying out a series of drop-weight testing on RC beam specimens (with and without 
steel fibres being introduced into the concrete mix), and numerically, through the use of 
dynamic Nonlinear Finite Element Analysis (NLFEA). The investigation mainly 
focuses on studying how certain aspects of the behaviour exhibited by the beam 
specimens under impact loading are affected from the use of steel fibres. 
The use of steel fibres, at different volume fractions, results in increase of load carrying 
capacity and energy absorption of the structural elements under impact. The deflection 
at the beam mid-span also increases compared to the RC case indicating the ductility 
provided by the steel fibres. The extent of the effective length around the point of 
application of the impact load also increases due to the addition of fibres. 
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The following symbols are used in this thesis. They are all defined where they first 
appear. Where more than one meaning has been assigned to a symbol, the correct 
definition will be evident from the context.  
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𝑓𝑡  tensile strength of concrete 
𝐸𝑐  elasticity modulus of concrete 
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𝜀2
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𝐸𝑜𝑡  initial tangent modulus of SFRC in tension 
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f'cm  Mean value of concrete cylinder cornpressive strength 
𝜀𝑡0  strain corresponding to ultimate tensile strength 
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𝜂  fibre orientation factor 
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Chapter 1:  Introduction 
1.1 Introduction 
Due to the increasing demands of society and economy to improve a variety of services 
(i.e. faster transportation, higher energy production, safety, housing, etc.) new 
increasingly intricate structures are gradually being constructed (e.g. high-rise buildings, 
tunnels, bridges, slab-track for high-speed railways, off-shore and marine structures, 
storage and industrial facilities, nuclear power plants) which are fully or partially 
constructed form Reinforced Concrete (RC). The behaviour of these structures is 
required to be characterised by an elevated level of resilience in order to safely 
undertake loads imposed at rates and intensities significantly higher than those (e.g. 
loads associated with seismic actions or tracking of trains) considered by the available 
design codes [1.1], [1.2]. 
It has been established numerically [1.3]–[1.7] and experimentally [1.8]–[1.12] that the 
response exhibited by RC members under impact loading differs when compared to that 
established under equivalent static testing once certain thresholds of applied loading rate 
are surpassed. The established shift in structural response is attributed to: (i) the nature 
of the problem at hand (i.e. a wave propagation problem within a non-linear material), 
(ii) the development of inertia forces along the element span (iii) the ensuing localised 
response [1.13] as well as (iv) the development of high strain rates within concrete and 
steel which are widely considered to affect material behaviour (i.e. strain-rate 
sensitivity, which is shown as increase of modulus of elasticity, concrete compressive 
and tensile strength with increasing strain rate) [1.5], [1.10], [1.14].  
Impact loads are applied locally during the collision of an object onto a certain area of a 
structure. Their form (intensity, distribution, duration, loading-rate, and time-history) 
depends largely on the mass, velocity and shape of the impacting object, the dynamic 
characteristics of the structural element (mass, stiffness) and the properties of the 
contact area (depending on steel, pad or rubber plate). Available numerical and test data 
[1.3]–[1.12], [1.15], [1.16] reveal that, with increasing loading rates and intensities, RC 
structural response (usually observed in the form of deformation and cracking profiles) 
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becomes more localised, since the portion of the RC element reacting to the external 
load reduces in length as failure often occurs prior to the generated waves reaching the 
supports [1.13]. This phenomenon, combined with the inertia forces developing along 
the element span in the transverse direction, underlie the mechanisms governing RC 
structural response [1.13], [1.17].  
The work presented in the subject thesis investigates experimentally and numerically 
the potential benefits stemming from the introduction of steel fibres into the concrete 
mix in order to enhance the material properties of structural concrete and improve the 
response of RC structural elements under static and high rate (impact) loading. The 
effect of a number of parameters associated with the fibres used (e.g. aspect ratio (as 
longer fibres are more effective in arresting cracks) and volume fraction) on the 
exhibited structural response is studied experimentally, by carrying out a series of drop-
weight testing on RC beam specimens (with and without steel fibres being introduced 
into the concrete mix), and numerically, through the use of dynamic Nonlinear Finite 
Element Analysis (NLFEA). The investigation mainly focuses on studying how certain 
key characteristics of the exhibited response under impact loading are affected by the 
use of steel fibres. Such aspects include the generated impact and reaction forces, the 
cracking and deformation profiles of the specimen at different stages of the loading 
process, the failure modes exhibited, as well as the values of strain (ε) and strain rate (𝜀̇) 
measured in specific regions of the specimens throughout the loading process.  
1.2 Background 
Steel, carbon, plastic (i.e polypropylene, graphite, and etc), glass and natural (i.e hemp, 
kenaf and etc) fibres are the most popular fibres available in the market. Steel fibres are 
those most widely used for the construction of reinforced concrete (RC) structures due 
to their ability to resist the extension and widening of cracks and, in doing so, enhancing 
the load carrying capacity and post-cracking behaviour of concrete [1.18], [1.19]. 
The first patent for the use of steel fibres in concrete was issued in 1874. Steel fibres 
were initially used for patching of bomb craters in runways during World War II. 
During the 1970s fibres (mainly steel fibres) started being used commercially by the 
construction industry in Europe, Japan, and the USA [1.20] in order to produce Fibre 
Reinforced Concrete (FRC). It has been established that the introduction of steel fibres 
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into the concrete mix can result in a reduction of shear reinforcement (by up to 40%) in 
RC structural elements (i.e. coupling beams, walls, joint regions) without compromising 
the performance requirements set by the available design codes for strength and 
ductility [1.21]–[1.26]. This reduction can potentially address problems associated with 
reinforcement congestion caused by (i) the over-reinforcing of longitudinal 
reinforcement and (ii)  the dense arrangement (spacing) of shear links in the critical 
regions of RC frames dictated by current seismic code [1.2] to safeguard load carrying 
capacity and increasing ductility of the RC elements.  
1.3 Impact (drop weight) testing of RC beams 
Several experimental studies have been carried on SFRC specimens under impact 
loading [1.15], [1.16], [1.27], [1.28]. The majority of these studies employ drop weight 
testing, during which a steel striker is allowed to fall from a pre-defined height onto a 
specific (usually the mid-span) region of the structural element considered (usually a 
beam or a slab specimen). Such tests are difficult to conduct as the intensity of the loads 
generated increases rapidly (in a few msec) from zero to a maximum value (which is 
significantly larger than the load-carrying capacity of the specimen established under 
static loading) often leading to explosive and brittle forms of failure which can in turn 
damage the instruments employed for measuring structural response (e.g. LVDT, strain 
gauge and load cell). 
It is also important to note that the available published experimental data is 
characterised by considerable scatter and as a result it is unable to accurately quantify 
the benefits stemming from the use of steel fibres on RC structural response under 
impact loading. The scatter predominantly reflects the difficulty in correlating the 
measured response to the actual physical state of the specimens. In fact, the measured 
maximum value of the impact load generated during testing (maxPd) frequently 
corresponds to a specimen physical state characterised by high concrete disintegration 
as well as low residual load-bearing capacity and stiffness [1.13], [1.17]. This stage of 
structural response has little practical significance as it depends heavily on post-failure 
mechanisms for transferring the applied loads to the specimen supports. In view of the 
above, the available test data cannot provide detailed insight into the mechanisms 
underlying structural response.  
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1.4 Nonlinear Finite Element Analysis (NLFEA)  
NLFEA offers a safer and more cost-effective method for investigating RC structural 
response under impact loading compared to drop-weight testing. It is capable of 
providing detailed predictions of structural response throughout the loading process 
while offering insight into the mechanisms underlying SFRC structural response under 
high loading rates. A finite-element (FE) model is generally considered capable of 
yielding realistic predictions of the non-linear response of concrete structures when the 
deviation of the predicted values from their experimentally-measured counterparts (of 
the structural characteristics considered) does not exceed a value in the order of 20% 
[1.29]. Such structural characteristics usually include the load-carrying capacity, the 
impact force and the reaction forces generated at the impact region and the supports 
respectively, the relation between applied load and corresponding displacements and 
first-order deformation derivatives, i.e. rotations. The numerical study described herein 
employs a well-known commercial software ABAQUS (2016) [1.30], which is capable 
of carrying out 3D static and dynamic NLFEA while accounting for the nonlinear 
behaviour of concrete and steel.  
1.5 Research Aims and Objectives 
The significance of this research work in practical applications refers to use of steel 
fibres in structures which are supposed to resist accidental loading scenarios and 
collisions such as falling rock impact, vehicle or ship collision with buildings, bridges, 
or offshore facilities, or structures used in high threat and high hazard applications, such 
as military fortification structures or nuclear facilities [1.31]. To now, the largest 
volume of steel fibres has been in airport pavements due to high and demanding loads 
[1.32].  
The main aim of this work is to investigate (experimentally and numerically) the 
potential benefits stemming from the use of steel fibres on the performance of RC 
structural elements when subjected to impact loading. To achieve this, the non-linear 
behaviour of SFRC specimens is investigated (in relation to that exhibited by equivalent 
RC members) both experimentally and numerically under different rates of loading. The 
combined (numerical and experimental) data produced provides insight into the 
mechanics underlying SFRC structural response under impact loading, improving our 
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understanding of the causes of the observed shift in the behaviour exhibited by SFRC 
beams when subjected to increasing levels of loading rate and intensity. During testing 
attention is focused on recording a number of characteristics of the exhibited response 
(e.g. impact and reaction forces, displacements and the strains in  top and back of the 
specimens, the crack-patterns and deformation profiles developing throughout the 
loading process as well as observed modes of failure). 
The numerical studies were carried using ABAQUS which is capable of conducting 
nonlinear dynamic and static finite element analysis while accounting for the nonlinear 
behaviour of concrete and SFRC (through the use of the  Brittle Cracking and Damaged 
Plasticity materials models). ABAQUS is used to develop finite element (FE) models 
realistically representing a series of SFRC beam specimens the behaviour of which was 
established experimentally. The calibration of the FE models developed is based on a 
comparison of their predictions with published experimental data describing SFRC 
behaviour at both material and structural levels under static and impact testing.  
The main objectives of the current work are: 
1) The experimental investigation of the response of a series of SFRC beam 
specimens, subjected to consecutive drop-weight test. During testing, the transverse 
load was applied through a steel drop mass (impactor) which was allowed to fall 
freely from a specified height (depending on the desired rate of loading) onto the 
mid-span of the SFRC beam specimens. The latter beams are characterised by 
different design parameters (such as the fibre content, the amount of longitudinal 
and transverse reinforcement, the shear span-to-depth ratio and concrete strength). 
The setup employed for conducting the drop-weight test made use of available 
infrastructure in the structure’s laboratory at Heriot-Watt University. Attention was 
focussed on recording the deformation profile and the crack patterns (through the 
use of conventional instrumentations as well as a high-speed camera) exhibited by 
the specimens throughout the loading process and up to failure. The latter 
information is essential for accurately determining the internal state of stress 
developing within the specimens at different stages of the loading process which is 
not usually available in the literature. Specimens were subjected to impact loads 
characterised by different loading rates and intensities. Specimens are also 
subjected to consecutive impact tests to assess their residual strength and stiffness.  
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2) Assess the ability of the Brittle Cracking and Damaged Plasticity models (available 
in ABAQUS) to describe the behaviour of concrete and SFRC under static and high 
rate loading conditions once appropriately are calibrated to effectively account for 
the triaxiality and brittle nature of concrete. 
3) Employ the material models mentioned above to develop of numerical (finite 
element) models capable of realistically representing the SFRC specimens 
considered during testing and  to provide accurate predictions concerning the 
exhibited structural response. The numerical predictions obtained complement the 
experimental data recorded during drop-weight testing thus providing further 
insight into the mechanics underlying the behaviour of the SFRC specimens under 
impact loading.  
4) To use the validated numerical models to conduct parametric studies aiming to 
identify the true ultimate limit state of the RC beams associated with a range of 
rates and intensities of applied impact loading. The effect of design parameters 
associated with concrete strength, fibre content, reinforcement configurations, axial 
loading and shear span to depth ratios on certain characteristics of RC structural 
response such as the cracking process, deformation profile, the residual stiffness 
and load-carrying capacity exhibited by beams under impact loading. The latter 
parameters have not been extensively and systematically investigated to date 
numerically or experimentally. 
5) Overall, the primary objective of the work presented in the thesis is to identify the 
reasons that trigger the observed shift in specimen behaviour (in relation to that 
established during static testing), once certain thresholds of applied loading rate and 
intensity are surpassed and to investigate the contribution of the steel fibres.  
1.6 Thesis Outline 
The present thesis consists of a total of nine chapters and one Appendix. Chapter 2 
provides an extensive literature review on the available published experimental studies 
carried out in order to investigate the behaviour of SFRC beams under static and impact 
loads. The latter chapter initially provides an overview of the properties characterising 
the different types of fibres considered, discusses their application and the benefits 
stemming from their use. Subsequently, the cracking process exhibited by SFRC 
elements when subjected to static loading is concisely discussed. This is followed by a 
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presentation of a number of constitutive models available in the literature proposed for 
describing the behaviour of SFRC in tension and compression. The effect of high 
loading rates on the material behaviour of SFRC elements (representing essentially 
material units) under uniaxial tension, compression and flexure is discussed. The effect 
of high loading rates on the pull-out behaviour of fibres is also considered. Finally, a 
literature review of the available information describing the effect of steel fibres on RC 
structural response when subjected to static and impact loading is presented.  
Chapter 3 and its accompanying Appendix present the numerical analysis methods 
employed for studying the behaviour of RC and SFRC structural elements (beams) 
under static and impact loading. Initially, a brief review is provided on the Finite 
Element (FE) software package employed (ABAQUS) accompanied by a description of 
the methodology adopted for developing FE models and predicting concrete and SFRC 
behaviour at the material and structural levels. A number of verification studies are 
carried out for calibrating the numerical models developed and for validating the 
numerical predictions obtained concerning the behaviour of a series of RC and SFRC 
specimens investigated experimentally in the past under static and impact loading 
conditions. 
Chapter 4 provides a detailed description of all specimens considered as well as the 
process followed for constructing and testing them (e.g. casting, curing, test set-up, 
instrumentation and testing process). The test data obtained from a series of 
compressive, tensile, and flexural tests carried out on a number of SFRC specimens 
(with no conventional steel reinforcement) are also presented in this chapter. 
Chapter 5 presents the test results obtained from SFRC cylinders and prisms (without 
any conventional reinforcement) subjected to compressive, tensile and flexural testing 
in order to determine the material behaviour of SFRC under static and high rate loading 
conditions. The latter specimens were prepared using 3D or 5D Dramix fibres and 
contained different amounts of fibres. 
Chapters 6 and 7 focus on establishing experimentally the behaviour of slender (av/d>5) 
and short (av/d<5) SFRC beams respectively. Attention is focussed on assessing the 
effect of fibres on the structural response of RC beam specimens characterised by 
different shear span-to-depth ratios when subjected to static and consecutive impact 
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tests; shear span is considered the portion of beam from the applied concentrated load to 
the respective support, where shear value is constant. A detailed description of the test 
setup and the instrumentation used is provided. The test data recorded provide 
information concerning: (i) the variation of the impact force and reaction forces with 
time, (ii) the displacement, strain and strain rate exhibited at specific locations along the 
specimen span throughout the loading process as well as (iii) the, deformation profile 
and the associated crack pattern developing during different stages of the loading 
process. Apart from conventional instrumentation (consisting of strain gauges, load-
cells LVDTs, etc) photographic evidence recorded using a high-speed camera is also 
presented, analysed and discussed. The use of this camera aimed at confirming the 
measurements obtained from the instrumentation described above and compensating for 
the occasional loss of data. The photographic evidence was successful in providing a 
more detailed description of the specimen behaviour in the impact region by tracking 
the movement of a number of points marked in the form of a grid on the side surface of 
the specimen, the pad and the impactor. 
Chapter 8 presents the results obtained from Non-Linear Finite Element Analysis using 
ABAQUS [1.30] and the FE  models developed for representing the SFRC specimens 
the behaviour of which was established experimentally and described in Chapters 5 to 7. 
This chapter focuses on predicting the behaviour of cylindrical specimens (made from 
plain and steel fibre reinforced concrete) when subjected to uniaxial compression, and 
then focuses on studying numerically the behaviour of the SFRC notched beams (not 
containing conventional reinforcement) established experimentally by carrying out 3-
point bending tests in order to assess the effect of fibres on concrete material behaviour 
when subjected to static and impact loading (SFRC cylinders and notched beam 
specimens were considered in Chapter 5). Finally nonlinear finite element analysis is 
employed to study the behaviour of the SFRC beam specimens which included 
conventional reinforcement (considered in Chapters 6 and 7) under impact and static 
loading.  
In Chapter 9, the final conclusions of this study are discussed, followed by 
recommendations for the future work. 
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Chapter 2:  Literature Review 
2.1  Introduction 
Concrete material behaviour is essentially brittle characterized by a high compressive 
strength and a low load-bearing capacity in tension (approximately 10% of that in 
compression). In construction it is usually used in combination with steel reinforcement 
bars in order to form RC structural forms in which the reinforcement undertake the 
tensile stresses. The strain associated with tensile failure of concrete is less than the 
yield strain of steel, and usually cracks form before any significant transfer of load to 
the steel reinforcement is exhibited.  
To enhance the material behaviour of concrete predominantly in tension and reduce the 
amount of steel reinforcement, mainly stirrups, included in RC members, fibres are 
introduced into the concrete mix. Fibres provide better control over the cracking process 
concrete undergoes by essentially intersecting the plane of the cracks forming and 
resisting their further extension. For this purpose, a wide range of fibres have been 
produced to date characterised by different shapes and sizes to provide better anchorage 
within concrete medium on either side of the cracks. In fibre reinforced concrete, the 
maximum particle size of the aggregate is restricted to 20mm to ensure the sufficient 
anchorage [2.1]. The post-cracking behaviour of concrete is also affected by the number 
of fibres intersecting the plane of a crack, the orientation of the fibres within the 
concrete mix, the bond strength developing between the fibres and the surrounding 
concrete as well as the resistance to pull-out.  
The first patent for the use of steel fibres in concrete was issued in 1874. Steel fibres 
were initially used for repairing (i.e. patching bomb craters) runways during World War 
II. During the 1970s fibres (mainly in the form of steel fibres) started being used 
commercially by the construction industry in Europe, Japan, and the USA [2.2] in order 
to produce Fibre Reinforced Concrete (FRC). Different types of fibres have been used 
to date made from different types of materials such as steel, glass, polypropylene, 
carbon, etc. Among all these, steel fibres are those which have most commonly been 
used in RC construction. Steel Fibre Reinforced Concrete (SFRC) has been used in a 
range of activities such as the construction of pavements, RC structures (e.g. the slab in 
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the car park of Heathrow Airport in London, in the repair of bridge decks), concrete 
pipes and for marine and refractory applications [2.3]–[2.5]. Based on available test data 
[2.6], [2.7] the introduction of steel fibres into the concrete mix can result in a reduction 
of shear reinforcement (by up to 40%) in RC structural elements (i.e. coupling beams, 
walls, joint regions) without compromising the performance requirements set by the 
available design codes for strength and ductility. This reduction can potentially address 
problems associated with reinforcement congestion which is caused by the overlapping 
of longitudinal reinforcement and also the dense arrangement (spacing) of shear links in 
the critical regions of RC frames dictated by current seismic code [2.8], [2.9] to increase 
load carrying capacity and ductility, and avoid brittle forms of failure. 
Extensive investigations on the effect of fibres on the performance of RC structures 
under different loading conditions have been published to date. The experimental work 
and analytical studies which are relevant to the current study are presented herein. 
2.2  Overview of Fibres 
To date different types of fibres have been used for commercial purposes, such as steel, 
glass, polypropylene, carbon, etc.; as well as natural fibres made from hemp and kenaf 
[2.10]. Steel fibres have been more commonly used in construction. The latter fibres can 
be classified based on their production process, shape and material (i.e. steel with low 
and high carbon content, stainless steel). The cross-section of the fibres are mostly 
round characterised by diameters ranging between 0.4 and 1.3 mm and their lengths 
range between 25 and 60mm [2.2]. Different types of steel fibres are shown in Figure 
2.1. The Modulus of elasticity for steel fibres characterised by low and high carbon 
contents can vary between 200GPa and 170GPa (the latter value associated for the case 
of stainless steel) 
The contribution of steel fibres on concrete material behaviour depends on a range of 
parameters such as their cross section, profile (shape), aspect ratio (L/d), tensile 
strength, the orientation of the fibres and the amount (often expressed as a volume 
fraction) of fibres introduced in the concrete mix [2.2], [2.11]. The introduction of 
deformed, (i.e. hooked-end, crimped and twin-cone) steel fibres into the concrete mix 
can enhance the energy absorption and toughness characterising the behaviour of SFRC, 
with loss of load-carrying capacity being associated with ‘pull-out’ (rather than 
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rapturing) of the fibres [2.12]–[2.15]. The amount of fibres introduced in SFRC also 
effects the workability of the mixture and as a consequence it is recommended that the 
volume fraction of steel fibre remains below 2% [2.12], [2.16], [2.17].  
 
Figure 2.1- Different types of steel fibres [2.2] 
2.3  Material Behaviour of FRC under Static Loading 
To date, many experimental investigations have been conducted on the effect of fibres 
on structural concrete material behaviour. The vast majority of these tests have been 
carried out on prisms and cylinders subjected to compression, direct and indirect tension 
and flexure. Such studies aim at assessing the effect of fibres on: 
 Important aspects of concrete material behaviour such as compressive strength 
𝑓𝑐, tensile strength 𝑓𝑡, the elasticity modulus 𝐸𝑐, and the stress-strain curve 
describing concrete material behaviour under uniaxial compression or tension 
prior and after cracking formation.  
 The cracking process that concrete undergoes when subjected to external loads. 
This is dependent to the fibre content as well as the strength and pull-out 
behaviour exhibited by the fibres bridging a crack as the crack becomes wider 
with increasing levels of applied loading.  
The effect of fibres on concrete material behaviour in tension can be mainly observed 
after the onset of cracking as they attribute ductile characteristics to the post cracking 
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behaviour of FRC compared to the fully brittle behaviour exhibited by plain concrete 
[2.18], [2.19].  
Depending on the type and amount of fibres used in combination with the concrete mix 
employed, the post-cracking behaviour can be described as strain-softening or strain-
hardening. The residual strength of FRC in tension is associated with the strength of the 
fibres bridging the cracks and the bond developing between the fibre and the 
surrounding concrete. The use of small fibre contents results in the FRC exhibiting 
softening post-crack behaviour ultimately resulting in failure caused by the ‘breaking’ 
of the fibres bridging the cracks. As a result the material’s ability to absorb energy 
(toughness) remains limited. The use of higher values of fibre-content causes the 
softening post-peak behaviour to exhibit more ductile characteristics ultimately leading 
to pull-out failure of the fibres and the development of finer and more distributed 
cracking. This increases the toughness and ductility exhibited by FRC.  
2.3.1 Crack Propagation 
In the scope of linear elastic fracture mechanics, the J integral is a measure of resistance 
to crack growth equivalent to the Energy Release Rate (ERR) G [2.20], [2.21]. J-integral 
represents a way to calculate the strain energy release rate, or work (energy) per unit 
fracture surface area in a material [2.22]. The theoretical concept of J-integral was 
developed in 1967 by Cherepanov [2.23] and in 1968 by Rice [2.24] independently. 
They showed that an energy contour path integral (called J) was independent of the path 
around a crack.  
The J integral method uses the energetic contour path integral described as [2.20]: 
𝐽1 = ∫ (𝑊𝑛1 − 𝜎𝑖𝑗
𝜕𝑢𝑖
𝜕𝑥1
𝑛𝑗) 𝑑𝑠
𝐾
 
where: 
 𝑊 = ∫ 𝜎𝑖𝑗𝑑𝜀𝑖𝑗
𝑖𝑗
0
 is strain energy density function, 
 𝑛𝑗  is component of the outward unit normal vector in the j-th direction, 
 𝜎𝑖𝑗 is element of stress tensor, 
 𝑢𝑖 ⁡is component of the displacement vector in the i-th direction.  
The J integral is a path integral over a scalar field along an arbitrary curve in n-
dimensional space. The integral is defined in two and three-dimensional Euclidean 
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space for fracture mechanics problems. J integral disappears when a path contour is 
closed, and consequently, J may be considered a measure of a crack’s existence inside 
the analysed contour. In addition to that, J is an oriented integral – which implies that J 
integral is path independent [2.25].  
By assumption of Linear Elastic Fracture Mechanics (LEFM), equality of the two 
quantities, J and G is proven. This fact and the path independent property of the J 
integral cause J to be useful in analysing non-homogeneous structures with interfacial 
cracks. The energetic approach with the use of the with the use of path independent J 
integral enables to bypass the singularity dominated zone in the vicinity of the crack tip 
and the issues related to its existence [2.26], [2.27].  
In a SFRC beam subjected to flexure, the crack propagation can be explained by Figure 
2.2. Phase 1 shows SFRC section prior to cracking. In this case the distribution of the 
stresses acting normal to the cross-section is linear. During this phase the maximum 
tensile stress is only related to concrete strength and fibre ratio, and the tensile strain is 
related to concrete compressive strength, fibre ratio and elastic modulus.  
In phase 2, cracking is initiated as the concrete tensile strength is reached, and fibres 
start to bridge the crack. As the crack starts opening around 0.1 to 0.2mm, the fibres 
with long embedded lengths are capable to carry the extra load while the shorter fibres 
are pulled out. By the end of phase 2, the crack is well established, and the section 
exhibits elasto-plastic behaviour.  
Phase 3 starts when the main crack has formed. In this phase, the crack propagates 
further in the element and reduces the tensile part (T1) compared to the compressive 
part. As the fibres bridge the crack in section T2, fibres in section T3 begin to pull-out. 
This pull-out process continues to the point that fibres are completely pulled out by the 
bottom of the section, and phase 3 is finished.  
By phase 4, the neutral axis moves closer to the compressive part. Concrete can-not 
carry any tensile stress by the notched part, while the part in which the fibres are still 
engaged carry the applied load. Phase 4 ends by the failure of the section.  
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Figure 2.2- Stress distribution and crack distribution of SFRC sections [2.28]  
When a crack forms in SFRC, the fibres crossing the plane of the crack resist the 
cracking process. The fibres can exhibit two modes of failure: (i) pull out failure or (ii)  
yielding of steel fibre. Considering the behaviour of SFRC in uniaxial tension if during 
the formation of the first crack the fibres break or, are pulled out (i.e. they are unable to 
carry higher loads), then the strength of the first crack will be equal to the ultimate 
tensile strength and further deformation will be governed by the opening of the first 
crack. This behaviour is known as tension softening. On the other hand, if after the 
formation of the first crack, the fibres are able to sustain more load, more cracks will 
form. This behaviour, which is governed by formation of multiple cracking and 
branching of cracks, is associated with strain hardening (Figure 2.3) [2.29]. 
 
Figure 2.3- The specimens are loaded in uniaxial tension and the schematic load versus deformation, P-δ, 
relationship is shown together with the cracking pattern. (a) Shows single cracking (or tension softening), 
and (b) multiple cracking (or strain hardening) [2.29] 
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2.3.2 Constitutive Models for SFRC 
Based on the available test data, a number of constitutive models in the form of stress-
strain relationships have been presented to date to describe the behaviour of SFRC in 
tension [2.30]–[2.36]. The stress-strain curves consist of an ascending and descending 
branches, and they are formed through the use of: (i) regression analysis (curve fitting) 
on test data obtained from uniaxial extension or splitting tests [2.30], [2.31] or (ii) 
energy approximation methods to assess the variation of energy dissipation(toughness) 
exhibited during flexure testing of SFRC prisms [2.32]–[2.35]. 
Lok and Pei (1998) [2.30] presented a generic constitutive model for compression and 
tension of SFRC. Depending on the properties of the fibrous concrete, the constitutive 
model may show strain softening or hardening behaviour.  
Since steel fibres do not affect significantly the behaviour of SFRC in compression. 
Consequently, the stress-strain curve describing the behaviour of plain concrete under 
uniaxial compression recommended by BS8110 (1985) [2.37] was adopted for the case 
of SFRC [2.30]. The compressive stress-strain curve is shown in Figure 2.4. Based on 
this curve: 
𝜎01 = 0.67𝑓𝑐𝑢/γm                                                                                           (2.1) 
where 𝜎01 is the ultimate compressive strength, 𝑓𝑐𝑢 is compressive cube strength, and 
𝛾𝑚 is the partial material safety factor. The corresponding ultimate compressive strain 
can be obtained based on: 
𝜀01 = 2.4 × 10
−4√fcu/γm                                                                              (2.2) 
Based on Figure 2.4, 𝐸𝑜𝑐 is defined as initial tangent modulus of the SFRC element in 
compression. The parabolic function describing the stress-strain curve in Figure 2.4 is 
provided below: 
𝜎1 = 𝜎01 −
𝜎01
( 01)2
(ε1 − ε01)
2                                                                          (2.3) 
where 𝜎1and 𝜀1are compressive stress and compressive strain, respectively. The failure 
compressive strain, 𝜀1
∗∗, is taken as 0.0035 [2.30]. 
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Figure 2.4- Compressive stress-strain relationship for SFRC [2.30] 
The stress-strain curve describing the behaviour of SFRC under uniaxial tension is 
shown in Figure 2.5 which is obtained through regression analysis (curve fitting) on test 
data obtained from uniaxial extension or splitting tests. The curve contains two distinct 
regions. The first region (the ascending portion of the stress-strain curve) is essentially 
parabolic and describes the behaviour of concrete before the formation of any macro-
cracks (i.e. pre-cracked stage). The ultimate tensile stress is 𝜎02 which is equal to direct 
tensile strength (𝑓𝑡). The ultimate tensile strain corresponding to the ultimate tensile 
stress is 𝜀02. During this stage it is assumed that the matrix behaves elastically and that 
no cracks have yet formed. As a consequence the contribution of the fibres to the 
exhibited material behaviour is small and can be neglected as the matrix is strong 
enough to undertake the load applied. 𝐸𝑜𝑡 denotes the initial tangent modulus of SFRC 
in tension, and is assumed to be equal to the initial tangent modulus of SFRC in 
compression, 𝐸𝑜𝑐.  
 
Figure 2.5- Tensile stress-strain relationship for SFRC [2.30] 
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𝐸02 is the tensile secant modulus which passes from point (𝜎02⁡, 𝜀02) and from this 
point, the second region of the curve, which is the post-cracked region starts.  
𝐸𝑜𝑡 = 2𝐸𝑜2                                                                                                      (2.4) 
𝜀02 can be obtained based on the below formula: 
𝜀02 =
01
𝜎𝑜1
𝜎02                                                                                                   (2.5) 
where 𝜎𝑜1, and 𝜀01 represent the compressive stress and its corresponding strain, 
respectively. The formula below describes the portion of the stress-strain curve 
describing the behaviour of SFRC under uniaxial tension prior to the peak-stress being 
attained (pre-cracked region). 
𝜎2 = 𝜎𝑜2 −
𝜎𝑜2
( 𝑜2)2
(𝜀2 − 𝜀𝑜2)
2                                                                         (2.6) 
where 𝜎2, and 𝜀2 represent the tensile stress and its corresponding tensile strain in the 
pre-cracked region, respectively.  
During the post-crack (post-peak / descending) region of the stress-strain curve, the 
fibres play a more important role by bridging either side of the cracks and thus resisting 
the cracking process. As it can be seen in the graph in Figure 2.5, the behaviour of the 
SFRC exhibits more ductile characteristics compared to the fully brittle behaviour 
exhibited by plain concrete (characterised by an abrupt of load-carrying capacity after 
peak load is attained). The residual strength during this stage consists of two 
components: (i) the contribution of the steel fibres bridging crack and (ii) the strength of 
the concrete matrix.  
The descending branch of the stress-strain curve shown in Figure 2.5 (describing post-
cracking behaviour) consists of two linear parts, shown as process I, and Process II. In 
process I, the bond stress is developed within the matrix and fibres in which fibres are 
strained. The dynamic bond stress, 𝜏𝑑is stablished by the end of process I.  
The point (𝜎2
∗, 𝜀2
∗) can be obtained based on the below relation: 
𝜎2
∗ =
1
2
𝑉𝑓𝜏𝑑
𝐿
𝑑
                                                                                                   (2.7) 
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That 𝑉𝑓 is the volume of fibre, 𝜏𝑑 is dynamic bond stress, 𝐿 the length of fibre, and 1/2 
is multiplied in this fraction, in order to get the random distribution. 
𝜀2
∗ = 𝜏𝑑
𝐿
𝑑
1
𝐸𝑓
                                                                                                    (2.8) 
Where, 𝐸𝑓 is elastic modulus of steel fibre; 𝜀2
∗∗ which is the failure tensile strain has 
been suggested to have the value of 2 × 104 microstrain [2.38] and 1.45 × 104 
microstrain [2.39], and  10 × 104 microstrain [2.30] for their specific cases.  
A list of dynamic bond, 𝜏𝑑, values which are obtained experimentally by other 
researchers are shown in Table 2.1.  
Reference Notation/bond stress 
as defined 
Values / formula Origin/type of test 
conducted 
Swamy et al. 
(1974) 
τ =Average bond stress 
at the first crack 
τu =Ultimate bond stress  
3.57N/mm2 
 
4.15N/mm2 
Modulus of rupture test 
 
Modulus of rupture test 
Swamy and Al-
Ta’an (1981) 
τ =Interfacial bond 
stress between fibre and 
matrix 
2.58N/mm2 Modulus of rupture test 
Henagar (1977) τd =Dynamic bond stress 2.297N/mm2 (for 
deformed fibres, 
multiplied by 1.1 - 
1.2) 
Pullout test 
Hannant (1978) τd =Average sliding 
friction bond strength
 
3.5N/mm2 Unspecified 
Lim et al. (1987a, 
b) 
 
τu =Ultimate bond stress
 
For straight fibres: 
2.71 -3.05N/mm2; 
for hooked-end 
fibres: 6.72 - 
7.10N/mm2 
Pullout test 
Soroushian and 
Lee (1989) 
τu =Ultimate bond stress 2.62 - 0.0036 N1 
(N1 is defined as 
number of fibres 
per unit cross 
sectional area) 
Pull-out test 
Table 2.1- Summary of bond stress values [2.30] 
Lok and Xiao (1999) [2.31] studied the effect of fibre orientation and proposed a 
constitutive model in the form of a stress-strain curve for describing the behaviour of 
SFRC under uniaxial compression which is shown in Figure 2.6. The stress-strain curve 
can be described by the following analytical expression: 
𝜎 = 𝑓𝑐 [2 (
𝑐0
) − (
𝑐0
)
2
],⁡⁡⁡⁡⁡(𝜀 ≤ 𝜀𝑐0)                                                           (2.9) 
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𝜎 = 𝑓𝑐 ,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(𝜀𝑐0 ≤ 𝜀 ≤ 𝜀𝑐𝑢)                                                 (2.10) 
where 𝑓𝑐 is compressive strength of concrete and is equal to 0.85𝑓𝑐
′ that 𝑓𝑐
′ is the 
compressive cylinder strength. The ultimate compressive strain for SFRC 𝜀𝑐𝑢 is 
recommended to be 0.0035 [2.40].  
 
Figure 2.6- constitutive stress-strain relationship for SFRC [2.31] 
The tensile stress-strain relationship can be defined as follows: 
𝜎 = 𝑓𝑡 [2 (
𝑡0
) − (
𝑡0
)
2
],⁡⁡⁡⁡⁡⁡(0 ≤ 𝜀 ≤ 𝜀𝑡0)                                                   (2.11) 
𝜎 = 𝑓𝑡 [1 − (1 −
𝑓𝑡𝑢
𝑓𝑡
) (
− 𝑡0
𝑡1− 𝑡0
)],⁡⁡⁡⁡⁡⁡⁡(𝜀𝑡0 ≤ 𝜀 ≤ 𝜀𝑡1)                                     (2.12) 
𝜎 = 𝑓𝑡𝑢⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(𝜀𝑡1 ≤ 𝜀 ≤ 𝜀𝑡𝑢)                                                                         (2.13) 
where 𝑓𝑡 is the ultimate tensile strength that can be obtained by tensile tests, and 𝜀𝑡0 is 
the corresponding ultimate strain. The residual strength 𝑓𝑡𝑢and corresponding strain 𝜀𝑡1 
are defined as [2.31]: 
𝑓𝑡𝑢 = 𝜂𝑉𝑓𝜏𝑑𝐿/𝑑                                                                                              (2.14) 
𝜀𝑡1 = 𝜏𝑑
𝐿
𝑑
1
𝐸𝑓
                                                                                                    (2.15) 
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where 𝑉𝑓, 𝜏𝑑, 𝐿/𝑑, and 𝐸𝑓 are fibre volume fraction, bond stress, fibre aspect ratio, and 
elastic modulus of steel fibre taken as 200GPa, respectively. 𝜂⁡is fibre orientation factor 
that takes values between 0.4 and 0.5. 𝜀𝑡0 can be derived as: 
𝐸𝑡0 =
2𝑓𝑡
𝑡0
                                                                                                        (2.16) 
𝜀𝑡0 = 𝜀𝑐0
𝑓𝑡
𝑓𝑐
                                                                                                         (2.17) 
Barros and Figueiras 2001 [2.35] proposed a constitutive model for non-linear material 
analysis of slabs supported on soil. The constitutive model consisted of stress-strain 
relationship describing the post-peak behaviour of SFRC in tension. Two types of 
hooked-end steel fibres with aspect ratios (L/d) of 60 and 75 were considered when 
developing the model.  
For describing the post-peak behaviour of SFRC under uniaxial tension, Barros and 
Figueiras 2001 [2.35] conducted a number of four points bending test during which the 
load was applied in the form of displacement increments (displacement control). Four 
different fibre contents were considered (0, 30, 45 and 60kg/m3) with the concrete 
compression strength ranging between 30MPa to 60MPa, and the fibre aspect ratio 
ranging between 60 and 75. By performing numerical simulations of the tests, a trilinear 
diagram was proposed which describes the post-peak behaviour of SFRC (see Figure 
2.7). The values of the different points of the trilinear diagram obtained from the 
numerical simulations of the tests are presented in Table 2.2. 
 
Figure 2.7- Trilinear softening diagram for hooked-ends SFRC [2.35] 
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Parameters Fibre type    
 ZP 30/.50: fibre content in kg/m3 
(fibre volume fractions) 
ZX 60/.80: fibre content in kg/m3 
(fibre volume fractions) 
 30 
(0.38%) 
45 
(0.57%) 
60 
(0.76%) 
30 
(0.38%) 
45 
(0.57%) 
60 
(0.76%) 
ξ1 (x10
-3) 7-9 4-6 3-5 3-5 3-5 10-100 
α1 0.35-0.45 0.55-0.65 0.6-0.65 0.4-0.5 0.6-0.7 0.65-0.75 
ξ2 (x10
-3) 0.2-0.3 0.25-0.35 0.3-0.4 0.15-0.25 0.15-0.25 0.3-0.5 
α2 0.1-0.2 0.15-0.25 0.15-0.25 0.2-0.3 0.25-0.35 0.25-0.35 
Table 2.2- Values for defining the characteristic points of the softening diagram of SFRC [2.35] 
Tlemat (2006) [2.41] proposed a constitutive model for SFRC tensile material behaviour 
for specimens with conventional industrial steel fibres and chopped tyre wire (VSF). 
The behaviour of SFRC in tension was assumed to be the same as plain concrete but 
with approved tension stiffening due to random orientation of fibres in the matrix. By 
changing the tensile softening characteristic step by step, a stress-strain relationship was 
formed through the use of nonlinear FEA (ABAQUS) which corresponded to the 
experimentally established load-deflection curves. The stress-strain curve describing 
tension softening after cracking contains three distinct parts as illustrated in Figure 2.8.  
 
Figure 2.8- Tension softening model [2.41] 
In phase 1, the ultimate tensile stress and strain of SFRC can be given by: 
𝜎𝑡
𝑢 = 𝜎𝑡,𝑝
𝑢 (1 + 0.32. 𝑤𝑓)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡[𝑁/𝑚𝑚
2]                                                 (2.18) 
𝜀𝑡
𝑢 = 𝜎𝑡
𝑢/Ecm                                                                                                  (2.19) 
where 𝜎𝑡,𝑝
𝑢  is the maximum tensile stress for the plain concrete, 𝑤𝑓 describes the fibre 
content by weight (%), and 𝐸𝑐𝑚 is the elastic modulus for phase 1.  
In phase 2, the stress drops following an exponential relation which is: 
  = 
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𝜎𝑡 = 𝜎𝑡
𝑢. 𝑒𝜉.( 1− )⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡⁡⁡⁡⁡⁡⁡⁡⁡𝜀𝑡
𝑢 < 𝜀 < 𝜀1                                                     (2.20) 
The drop which is shown by 𝜉 depends on the type of fibre used and is determined 
experimentally. The values obtained by 𝜉 are shown in Table 2.3. Phase 2 ends at strain 
value equal to 2%. Phase 3 consists of a linear drop of stress to zero at strain 𝜀4 (40%). 
Fibre type 𝜉 Factors 
ISF-1 (twin-cone steel fibres) 0.17 
ISF-2 (hooked-end steel 
fibres) 
0.19 
VSF (virgin steel fibres) 0.20 
PRSF (pyrolysed steel fibres) 0.28 
SRSF (shredded steel fibres) 0.51 
Table 2.3- Factors for the proposed model [2.34] 
Figure 2.9 shows predicted load-deflection curves for VSF fibres using the proposed 
model and the experimental results. The proposed model shows good agreement with 
experimental data and can be applicable to other types of steel fibres, if the value of 𝜉 
factor is determined [2.41].   
 
Figure 2.9- Predicted load-deflection curves using the proposed model [2.41] 
2.4  Effect of High Loading Rates on FRC   
The tensile strength of FRC has been investigated experimentally by carrying out 
several tests under different loading rates associated with fast moving traffic (strain rate 
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of 10−6 to 5 × 10−4𝑠−1), gas explosions (5 × 10−5 to 5 × 10−4𝑠−1), earthquakes (5 ×
10−3 to 5 × 10−1𝑠−1), pile driving (10−2 to 1𝑠−1) and aircraft landing (5 × 10−2 to 
2𝑠−1) [2.42]. It has been established numerically [2.43]–[2.46] and experimentally 
[2.47]–[2.51] that the response exhibited by RC members under impact loading differs 
when compared to that established under equivalent static testing once certain 
thresholds of applied loading rate are surpassed. The shift in structural response is 
attributed to: (i) the nature of the problem at hand (i.e. a wave propagation problem 
within a material), (ii) the development of inertia forces along the element span (iii) the 
ensuing localised response [2.52] as well as (iv) the development of high strain rates 
within concrete and steel which are widely considered to affect material behaviour (i.e. 
strain-rate sensitivity) [2.45], [2.53], [2.54].  
Many researchers consider that the material properties of concrete are dependent on the 
rate of deformation (strain-rate dependency) [2.45], [2.53], [2.54], a view which until 
recently was widely accepted and incorporated into the framework of existing military 
codes (i.e. TM [2.55]) for the design and analysis of RC structures under blast and 
impact. Lately however, an increasing number of researchers [2.44], [2.56], [2.57] have 
expressed the opposite view, stating that the material properties of structural concrete 
(characterised by a low moisture content) are essentially strain-rate independent and that 
the observed change in specimen behaviour with increasing loading rates is the result of 
(a) parameters affecting structural response, (b) the brittle nature and triaxiality 
characterising concrete material behaviour and (c) the nature of the problem at hand (a 
wave propagation problem within a highly nonlinear material). 
The study of SFRC structural elements shows that the use of fibres, at different volume 
fractions (e.g. Vf of 0.8%, 1% and 2%), results in an increase of the load carrying 
capacity and energy absorption of the structural elements under impact [2.50], [2.58], 
[2.59]. The deflection at the beam mid-span also increases compared to the RC case 
indicating the ductility provided by the steel fibres. The extent of the effective length 
around the point of application of the impact load seems to also improve due to the 
addition of fibres (albeit still decreasing as the loading rate increases).  
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2.5  Effect of Increasing Loading Rates on SFRC   
2.5.1 Uniaxial Compression 
The Split Hopkinson Pressure Bar (SHPB) apparatus (see Figure 2.10) is widely used 
for studying the mechanical properties of cement-based materials under high rates of 
compressive or tensile loading (101 to 103𝑠−1) [2.60]. A short specimen is put between 
two bars, an incident and an output bar. A projectile is then launched and impacts the 
incident bar; as a result, a pulse is generated in the incident bar which propagates 
towards the specimen. During testing, the steel specimen is positioned between two long 
(input and output) pressure bars and the generated pulse (ɛi) propagates through the 
input bar towards the specimen. At the interface between the input bar and the specimen 
the pulse is partially reflected (ɛr) back into the input bar while the rest is allowed to be 
transmitted (ɛt) through the specimen to the output bar. Strain gauges attached onto the 
bars are used to measure the transmitted and reflected pulses. Assuming that the bars 
exhibit elastic behaviour the following equilibrium can be formulated: ɛi + ɛr = ɛt. 
Considering the problem at hand as a one dimensional elastic wave propagation 
problem, the specimen deforms uniformly and neglecting wave dispersion, the 
engineering stress (σs) and corresponding strain (ɛs) and strain rate (ɛ̇s) of the specimen 
are provided by Eqs 1 to 3  
σs = E⁡
A𝐵
As
ɛt Eq.(1)  ɛs =⁡
2Co
L
∫ ɛrdt
t
0
 Eq.(2)  ɛ̇s =⁡
2Co
L
⁡ɛr Eq.(3) 
where Es is modulus of elasticity for the bar material, AB is the cross-sectional area of 
the bar, As the cross sectional area of the specimen, L the gauge length of the specimen 
and Co speed of the stress wave in the specimen [2.61]. 
A strain history of incident and transmitted strains which are measured by strain gauges 
are shown in Figure 2.11. The reflected strain can be calculated as [2.61]: 
𝜀𝑟 = 𝜀𝑡 − 𝜀𝑖                                                                                                     (2.21) 
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Figure 2.10- Schematic of Split Hopkinson Pressure Bar [2.61] 
 
Figure 2.11- Typical incident reflected, and transmitted strain histories [2.61] 
Based on CEB (1990) [2.62], the compressive dynamic increase factor DIF (i.e. the 
ration of dynamic to static) is provided by 𝐷𝐼𝐹𝑐 in equations (2.22) and (2.23) which 
have been derived from the analysis of a number of available test data obtained from 
experiments conducted on concrete and cement mortar specimens 
𝐷𝐼𝐹𝑐 =
𝑓𝑐𝑑
𝑓𝑐𝑠
= (
̇𝑑
̇𝑐𝑠
)1.026𝛼⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝜀?̇? ≤ 30s
−1                                             (2.22) 
DIFc =
fcd
fcs
= γ(ε̇d)
1/3⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡for⁡ε̇d > 30s
−1                                                        (2.23) 
where 𝑓𝑐𝑑 is dynamic compressive strength at strain rate 𝜀?̇? (in the range of 10
−4 −
103𝑠−1), 𝜀?̇?𝑠 = 3 × 10
−5𝑠−1, 𝑙𝑜𝑔𝛾 = 6.156𝛼 − 0.49, 𝛼 = (5 + 3𝑓𝑐𝑢/4), 𝑓𝑐𝑠 is static 
compressive strength, 𝑓𝑐𝑢 is the static cube compressive strength. It is apparent that the 
transition strain rate for 𝐷𝐼𝐹𝑐 from low strain rate sensitivity to high strain rate 
sensitivity occurs at 30𝑠−1.  
Stress-strain curves describing the behaviour of SFRC specimens (with a volumetric 
fibre content of 3%) in compression under increasing loading rates of uniaxial 
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compression are presented in Figure 2.12(a) where it is clear that there is a significant 
increase in the maximum sustained load with increasing loading rates. Also Figure 2.12 
shows the variation of the ratios between the dynamic and static values of the peak 
strains (𝜀𝑐𝑑/𝜀𝑐𝑠), elasticity moduli (𝐸𝑐𝑑/𝐸𝑐𝑠) and peak stresses (𝑓𝑐𝑑/𝑓𝑐𝑠), with 
increasing rates of applied uniaxial compression (expressed as strain rate) and fibre 
content. It can be observed that for a specific loading rate, increasing the values of fibre 
content results in a larger increase in 𝜀𝑐𝑑/𝜀𝑐𝑠 however, this is not observed for the case 
of  𝐸𝑐𝑑/𝐸𝑐𝑠  and 𝑓𝑐𝑑/𝑓𝑐𝑠. On the other hand, increase the values of strain rate from 0.01 
to 60 𝑠−1 can cause a rapid increase of 𝐸𝑐𝑑/𝐸𝑐𝑠, and DIF. Figure 2.12(d) compares the 
DIF for plain concrete and SFRC specimen. DIF for SFRC is slightly bigger than plain 
concrete for strain rates larger than 60𝑠−1, and smaller than 1𝑠−1. The reason is that 
adding steel fibres increase compressive strength both in static and dynamic and as a 
result DIF does not change significantly. So, it is reasonable to employ the DIF of plain 
concrete for SFRC under high strain rate conditions [2.60]. 
 
 
 
 
  
                                             (a)                                                                                 (b)                             
  
                                                (c)                                                                                  (d) 
Figure 2.12- (a) Stress-strain curves under dynamic uniaxial compression (𝑉𝑓 = 3%), (b) 𝜀𝑐𝑑/𝜀𝑐𝑠 vs strain 
rate under dynamic uniaxial compression, (c) 𝐸𝑐𝑑/𝐸𝑐𝑠 vs strain rate under dynamic uniaxial compression, 
(d) DIF for different strain rates under dynamic uniaxial compression [2.60] 
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2.5.2 Uniaxial Tension 
CEB recommends the tensile strength 𝐷𝐼𝐹𝑡 as below: 
𝐷𝐼𝐹𝑡 =
𝑓𝑡𝑑
𝑓𝑡𝑠
= (
̇𝑑
̇𝑡𝑠
)
1.016𝛿
⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝜀?̇? ≤ 30𝑠
−1                                                (2.24) 
𝐷𝐼𝐹𝑡 =
𝑓𝑡𝑑
𝑓𝑡𝑠
= 𝛽(
̇𝑑
̇𝑡𝑠
)1/3⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝜀?̇? > 30s
−1                                               (2.25) 
where 𝑓𝑡𝑑 is dynamic tensile strength at strain rate 𝜀?̇? in range of 10
−6 to 300𝑠−1, 𝑓𝑡𝑠 is 
static cube strength under tension. The transition point from low to high strain rate is 
30𝑠−1.  
Figure 2.13 shows that 𝐸𝑡𝑑/𝐸𝑡𝑠 and 𝐷𝐼𝐹𝑡 increase effectively by increase of strain rate, 
but increase slightly by increase of fibre content. 𝐷𝐼𝐹𝑡 also increase by increase of strain 
rate, as it is observed in Figure 2.13(d) for strain rates less than 50𝑠−1, 𝐷𝐼𝐹𝑡 is almost 
the same as plain concrete and for the strain rate greater than 50𝑠−1, it is slightly bigger 
than plain concrete [2.60].  
Increase of fibre content and strain rate shows that stress and DIF for peak strain, 
elasticity moduli, and peak stress increase for SFRC specimen under both uniaxial 
compression and tension. The increase of fibre content from 1% to 3% does not have a 
significant effect on DIF for elasticity moduli and peak stress, for both cases of uniaxial 
compression and tension, since adding fibres improve the behaviour of specimen both in 
static and dynamic loading.  
 
 
 
 
  
 
                            (a)                                                                                       (b) 
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                                 (c)                                                                                        (d)  
Figure 2.13- (a) stress-strain curve under dynamic uniaxial tension for 𝑉𝑓 = 3%, (b) 𝜀𝑡𝑑/𝜀𝑡𝑠 vs strain rate 
under dynamic uniaxial tension, (c) 𝐸𝑡𝑑/𝐸𝑡𝑠 vs strain rate under dynamic uniaxial tension, (d) DIF vs 
strain rate curve under dynamic uniaxial tension [2.60] 
2.5.3 Flexure 
The effect of high rate loading on material behaviour of steel fibre reinforced beams is 
also investigated by studying the response of beams subjected to drop-weight testing or 
loading applied through the use of an Instron universal testing machine. During the 
drop-weight tests, a steel striker (drop mass) is allowed to fall from a pre-defined height 
onto a specific (usually the mid-span) region of the specimen. The data obtained reveals 
that the fibres are capable to resist the cracking process that concrete undergoes 
resulting in an increase of the maximum sustained load and reduction of the level of 
damage sustained under impact loading compared to their corresponding 
conventionally-reinforced concrete members [2.63]. Many investigations [2.28], [2.30]–
[2.33], [2.64] proposed addition of steel fibres may improve the post-cracking behaviour 
of concrete from a sharp drop to either tension softening or hardening depending of the 
fibre dosage, geometry and bond stress. Some of the case studies are brought in Table 
2.4.  
Fracture energy, the area under the impact load versus time curve, for different beam 
specimens subjected to different impact heights is shown in Figure 2.14 versus different 
amount of fibre content. Figure 2.15 also shows DIF for maximum impact load for 
different loading rates.  
The impact results showed that both concrete and SFRC specimens are sensitive to 
strain rate, and in general, they both show higher values for yield and ultimate load 
under impact loading compared to the static loading. The amount, geometry and type of 
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fibres are effective in improving fracture energy absorption under impact loading; the 
fibres are less effective in improving fracture energy absorption for the matrix with 
higher strength [2.65].  
Fracture energy shows a sudden jump by changing fibre content from 0.5% to 0.75%, 
Based on Wang 1996. For fibre content of 0.5%, the fibres tend to break, while for the 
content of 0.75%, the fibres are mostly pulled-out. No significant change in the fracture 
energy is observed by increasing the fibre content more than 0.75% in the beam [2.66]. 
The peak load increases by increase of drop-weight height, concrete strength, and fibre 
content. The impact load-deflection curves, obtained by Yoo (2015) [2.67], shows the 
post-peak behaviour of the specimens was affected by fibre content. The first peak load 
does not show any sensitivity to the increase of fibre content, while the second peak 
load which is caused due to the fluctuation of the impact load, increases significantly. 
The residual strength also increased by increase of fibre content; as the strength of 
concrete increased, less sensitivity is observed due to stress and strain rate [2.67]. 
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Table 2.4- Characteristic of SFRC beam under flexural impact test 
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Figure 2.14- Fracture energy versus fibre content (Vf) for beams with different compressive strength and 
under different impact height 
 
Figure 2.15- DIF for maximum impact load versus different loading rates  
2.5.4 Effect of Increasing Loading Rate on Fibre Pull-out 
Gokoz and Naaman (1981) [2.68] studied the pull-out response of three types of fibres, 
namely, steel, glass and polypropylene from a Portland cement mortar matrix when 
subjected to different rates of loading ranging from 4.2 × 10−3cm/sec to 300cm/sec. 
The Instron Universal Machine was used for loading rates less than 50cm/sec and drop-
weight testing machine was used for loading rates above 50cm/sec. For setting up the 
drop-weight testing machine (see Figure 2.16(a-c)), the specimens were made with a 
hollow-cored cylinder with one unattached circular end where the fibres were anchored; 
the free end of the fibres were embedded at the periphery of the cylinder. The hollow 
cored cylinder shape of the specimen allowed for the tup (dynamic load cell of the drop 
weight impact machine) to apply the load. The support conditions were in such 
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condition that even under impact loading, the end effects which were caused due to 
gripping ring (see Figure 2.16(c)) were eliminated and a realistic pull-out test was 
obtained. In order to avoid parasitic oscillations were obtained at impact, a rubber pad 
was inserted between the specimen and the tup. The rubber pad thickness was either 
3mm or 6mm. During each test a group of fibres were pulled out simultaneously. 12 
series of pull-out tests were carried out, with each series including at least three 
specimens. Each specimen contained 20 identical fibres with a length of 12.5mm 
embedded into the concrete. The steel fibres were hooked end Beakert having a length 
of 38mm and a diameter of 0.4mm.  
 
(a) 
 
 
(b) 
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(c) 
Figure 2.16- Details of gripping procedure for fibre pull out drop-weight machine [2.68] 
The curve describing the time history of the resistance of the steel fibres recorded 
during testing for different loading rates is characterised by multiple successive peak. 
The level of loading characterising each peak gradually reduces until a final load is 
attained (see Figure 2.17). It is interesting to note that the load associated with the first 
peak of the latter curves corresponds to the onset of slippage. Furthermore, this load 
increases with higher values applied loading rate (expressed in the form of velocity). 
Interestingly, the load associated with the second peak load is associated with friction 
and does not appear to be very sensitive to the loading rate. Therefore, it can be 
suggested that friction is not velocity sensitive. Considering that the load associated 
with the first peak is dependent on friction and bond, and that friction is not loading-rate 
(velocity) sensitive it can be concluded that the bond is velocity sensitive. The final load 
is attained because of the tilting of the specimen due to uneven pull-out resistance of 
different fibres. For loading rates up to 50cm/sec only a small increase of the load 
associated with the first peak is observed. However, for loading rates over 50cm/sec a 
more pronounced increase was observed (see Figure 2.18 and Figure 2.19) [2.68].  
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Figure 2.17- Pull-out loads used in the analysis [2.68] 
 
Figure 2.18- Effect of loading velocity on pull-out loads of steel fibres [2.68] 
 
Figure 2.19- Comparison of first peak load for different types of fibres [2.68] 
Figure 2.20 shows the energy absorption of different fibres when subjected to different 
loading rates. The energy absorption capability of the steel fibres does not seem to be 
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dependent on the loading rate; this is due to the fact that the absorbed energy associated 
with the pull-out of the fibres depends on friction, and as mentioned earlier, friction is 
not considered rate sensitive. The energy absorption of the glass fibres is smaller than 
that of steel and polypropylene, and increases with higher values of loading rates. The 
energy absorption of polypropylene fibres increases drastically increases with loading 
rate, especially for loading rates over 50cm/sec [2.68].  
 
Figure 2.20- Energy absorption capability versus loading velocity for different types of fibres [2.68] 
The percentage of fibres that exhibit pull-out failure for different types of fibres is show 
in Figure 2.21. Glass fibres tend to break for all loading rates, while steel fibres exhibit 
pull-out failure at all velocities. The percentage of the pull-out of polypropylene fibres 
increases with increasing levels of loading velocity. The average tensile stresses and 
equivalent bond stresses at different load velocities are shown in Table 2.5. The failure 
of glass fibres, even at low velocities, shows the progressive failure of the fibre 
filaments  [2.68]. 
Fibre Type 
Average Tensile Stress, 𝑀𝑁/𝑚2 Equivalent Bond Stress, 𝑀𝑁/𝑚2 
0.846 
cm/sec 
50 
cm/sec 
150 
cm/sec 
200 
cm/sec 
0.846 
cm/sec 
50 
cm/sec 
150 
cm/sec 
200 
cm/sec 
Steel 187 271 506   1.49 2.15 4.02 -  
Glass 276 618 -  2040 1.04 2.34 -  7.73 
Polypropylene 402 413 - 964 3.02 3.1 -  7.23 
Table 2.5- Average tensile and equivalent bond stresses at the peak load [2.68] 
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Figure 2.21- Pull-out percentage for different types of fibres [2.68] 
Banthia (1991) [2.69] studied the pull-out resistance of a single steel fibre embedded in 
a hardened matrix under different loading rates. Table 2.6 and Table 2.7 show several 
matrix and fibre types used in this research.  
 
Table 2.6- Matrices Investigated [2.69] 
 
Table 2.7- Fibres Investigated [2.69] 
The static test was performed by a pull-out rate of 8.46×10-6m/s. The dynamic test was 
conducted by using a Charpy type pendulum impact tester. As it is observed in Figure 
2.22, the charpy test consists of two parts A and B with the specimen bridging between 
them. Part A is fixed, while part B is mounted on frictionless rollers (trolleys). Part B is 
getting hit by the pendulum at its elevated deck which applies an impact load on the 
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specimen. The energy lost by the hammer is determined by using the hammer-trolley 
contact load data (also called as the tup load). After fracture, the trolley travels toward 
the shock absorbers with the half specimen on it, and on its way, it passes through two 
base-mounted photocells assemblies that record its post-fracture velocity. This velocity 
is used to determine the kinetic energy that remained in the trolley. By subtracting this 
kinetic energy from the total energy lost by hammer, the pull out energy on the 
specimen can be calculated. The energy lost by hammer can be calculated based impact 
force time history, which is shown in equation 2.26. [2.69] 
𝐸ℎ(𝑡𝑓) =
1
2
𝑚ℎ[2𝑔ℎ − (√2𝑔ℎ −
1
𝑚ℎ
∫ 𝑃𝑡(𝑡)𝑑𝑡
𝑡𝑓
0
)
2
]                                      (2.26) 
Where Eh is the energy lost by hammer, tf  is the uplift time, mh is mass of the hammer, 
g is acceleration due to gravity, h is drop height, and Pt is impact force. 
 
Figure 2.22- Charpy type pendulum impact test set up [2.69] 
The initial testing indicated a very high value for inertial forces often an order or 
magnitude higher than the pull-out load, which led to low confidence in the results and 
high variation of coefficients of variation. This problem was solved by introducing a 
2mm thick soft rubber pad in contact zone between the tup and the specimen. Although 
the pad can absorb some energy (during testing) because of its low stiffness, this energy 
can be ignored. The impact tests were performed using a pendulum with the impact 
velocity of 1.5m/s, which gave a pull-out rate ratio (impact/static) of 1.78 × 105 [2.69]. 
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The results for the peak load and energy for different types of fibres are shown in Table 
2.8. For each type of load, the kind of failure is also shown. The peak pull-out load ratio 
and energy ration of the impact to static are shown in Figure 2.23 and Figure 2.24, 
respectively. The results show that paste matrix is less sensitive to stress rate than other 
matrices; this is may be due to the homogeneity of the paste matrix. However, mortars 
are more rate sensitive, which is may be due to the large inter-facial regions with pre-
load microcracking. The observed rate sensitivity of paste with silica fume without 
inter-facial regions is maybe because of the rate sensitivity of the steel, matrix-fibre 
interface and change of failure mode.  
 
Table 2.8- Peak load and energy for different types of fibres for static and impact tests [2.69]
 
Figure 2.23- Rate sensitivity of peak pull-out load [2.69] 
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Figure 2.24- Rate sensitivity of pull-out energy [2.69] 
The observations show that deformed steel fibres embedded in cementitious matrices 
bear a higher pull-out load and energy under impact than static pull-out. In some special 
cases, with the change of fibre failure mode, the impact pull-out energy may become 
considerably lower than static case [2.69]. 
Kim (2008) [2.70] studied the effect of loading rate on the pull-out behaviour of two 
deformed high-strength steel fibres, namely, H-fibres and T fibres. Four different 
loading rates from quasi-static to seismic were considered for three different matrix 
strength, 28MPa, 55MPa, and 84Mpa. Table 2.9 shows the different matrix of pull-out 
tests under different loading rates.  
 
Table 2.9- Matrix of pull-out tests [2.70] 
In a typical pull-out test, adhesion and initial friction are activated first, and then 
mechanical component of bond is activated due to mechanical deformation of the fibre 
such as the hook in the hook end fibre. The initiation of mechanical bond (IMB) is 
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considered as the maximum contribution, after the IMB point during the pull-out, the 
mechanical component of bond is activated which allow the maximum pull-out load to 
be reached (see Figure 2.25). 
 
(a)                                                                                       (b)  
Figure 2.25- Pseudo-static slip-hardening fibre pull-out behaviour, (a) Hooked fibre, (b) Twisted fibre 
[2.70] 
The hooked end fibres do not show noticeable rate sensitivity when pulled-out from all 
matrices with different compressive strengths. This is due to the microcracking, from 
which the rate effect is thought to stem, is localized in a small region near the hooks, 
and does not have a chance to influence the rate sensitivity. High-strength twisted steel 
fibres showed rate sensitivity during pull-out for all three matrixes. The highest 
sensitivity was observed for the medium compressive strength matrix (55MPa). The 
observed rate sensitivity is due to the radial and longitudinal interface cracking that 
occurs along the fibre embedded length as the fibre untwist during pull-out [2.70]. 
2.6 Structural Behaviour of FRC  
To date, a large number of SFRC simply supported beams have been experimentally 
studied under different rates of concentrated loads applied at certain locations to 
determine the effect of steel fibres on structural response at serviceability limit state and 
ultimate limit state. These experiments focus on investigating certain important aspects 
of structural response such as the deformation profile and crack patterns exhibited at 
different levels of applied load, load-displacement curves associated with certain points 
along the element span as well as the load carrying capacity and associated mode of 
failure. The main parameters that vary in all the tests are the compressive strength of 
concrete 𝑓′𝑐, the length of the beam 𝐿, the shear span 𝑎𝑣, the amount of longitudinal and 
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transverse reinforcement, the type of used fibre and its content in the concrete. The test 
data can provide insight into how steel fibres can interact with conventional steel 
reinforcement to investigate if it is possible to replace shear or longitudinal 
reinforcement with a pre-defined amount of steel fibre without compromising the 
strength and ductility required by design codes.  
2.6.1 Effect of Steel Fibres on Static RC Structural Response 
A review of the published test data [2.71]–[2.75] investing the effect of steel fibres on 
the response of RC specimens subjected to static loading clearly indicates that the 
introduction of fibres into the concrete mix can result in an increase in stiffness as well 
as flexural and shear capacity. The effect of fibres become more pronounced with 
increasing values of fibre content 𝑉𝑓, aspect ratio 𝐿𝑓/𝐷𝑓, fibre length 𝐿𝑓, and bond stress 
(developing between the fibre and concrete medium) 𝜏. The effect of fibres on structural 
response also depends on the fibre content in relation to the amount of conventional 
longitudinal reinforcement. For RC beams with lower percentage of longitudinal 
reinforcement, the effect of fibres can be more profound compared to the RC beams 
with higher amount of longitudinal reinforcement. When considering shear capacity, the 
effect of fibres is more pronounced compared to the case of flexure [2.76], [2.77]. 
Experiments show that the use of steel fibre can increase compressive strength, energy 
absorption capability and stiffness of reinforced concrete beams. They can also improve 
cracking characteristics and cause the failure mode to ductile under specific 
characteristic [2.76]. For steel fibres to be effective in shear, the amount of stirrups 
should be controlled. It is advised to use a low percentage of transverse reinforcement 
so that fibres are efficient in resisting stresses [2.77].  
Mansur and Ong (1986) [2.71] considered the effect of steel fibres on simply supported 
deep beams under two symmetrical point loads. The steel fibres were straight but 
slightly twisted with 30mm long and 0.5mm wide, which were mixed in the concrete. 
The addition of the fibres to the concrete caused the delay of crack propagation 
compared to the rate of crack propagating without steel fibres. With fibre volume 
content of 1.5%, the crack propagated slower and with fibres bridging the crack, the rate 
of crack opening also decreased effectively. It was also observed that shear strength 
decreases with the increase of span to depth ratio (a/d) of the deep beams which also has 
effect in the cracking behaviour of the SFRC beams.  
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Oh (1998) [2.72] investigated the shear behaviour of SFRC beams under four point 
bending test. Nine beams were tested and fibre content and volume of shear stirrup 
varied between different tests. The fibre content varied from 0% to 2% by volume, and 
amount of stirrup reinforcement varied from nothing to full reinforcement according to 
code-required values. Round straight steel fibres with length of 24mm and diameter of 
0.7mm were used in the test beams. It was observed that mode of failure of SFRC with 
1% fibre content changed to flexural failure as it was the shear failure which was 
observed for its concrete counterparts. Shear crack strength increased significantly by 
about 100% as the fibre content increased from 0% to 2%. He concluded that the 
combination in use of fibres and stirrups can meet both the strength and ductility 
requirements. A combination of 75% of full conventional stirrups and 1% fibre content, 
or 50% of stirrups with 2% fibre content can achieve the required shear ductility and 
strength.  
Kwak et al. (2002) [2.73] investigated the response of steel fibre reinforced concrete 
beams with three different fibre volume fractions of 0, 0.5 and 0.75%, and three shear 
span-depth ratios of 2, 3 and 4 and two concrete compressive strengths of 31 and 
65MPa. It was demonstrated that nominal stress at shear cracking and the ultimate shear 
strength increased by increase of fibre volume fraction, decrease of shear span depth 
ratio, and increasing concrete compressive strength. The mode of failure changed from 
shear to flexure as the fibre content increased. In addition, the increase of steel fibre 
content decreased crack spacing and size, decreased deformation capacity, and changed 
mode to a ductile mode.  
Campione (2006) [2.74] investigated the effect of steel fibres in shear strength of RC 
beams with and without stirrups. The test was performed under four-point loading. The 
considered parameters were the amount of stirrups, the span to depth ratio, and steel 
fibre content. It was also observed that addition of steel fibres improved the ductility of 
SFRC beams even when there were no stirrups provided in the beam.  
Campione (2012) [2.75] set up experimental tests in order to investigate the flexural 
behaviour of deep beams. Sets of concrete beams reinforced with steel fibres were 
compared with plain concrete beams, which were all subjected to monotonic vertical 
loading. The plain concrete beams were reinforced with main and web steel 
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reinforcement, and the SFRC beams were reinforced with 1% hooked steel fibres and 
main steel reinforcement. The SFRC beams showed higher strength, and ductility 
compared to RC beams due to bridging effect of fibres across the cracks.  
2.6.2 Structural Behaviour of SFRC Under High Rate Loading 
To date many researchers have studied the response of SFRC structural elements under 
high loading rates [2.47], [2.48], [2.50], [2.58], [2.59], [2.66]. The majority of these 
studies employ drop weight testing, in which a steel striker is allowed to fall from a pre-
defined height onto a specific (usually the mid-span) region of the structural element 
considered (beams, slabs). A wide range of SFRC specimens have been tested to date 
under impact loading in order to assess the effect of various parameters associated with 
the fibres used (e.g. shape, aspect ratio, content) on the exhibited behaviour. The data 
obtained reveals that fibres capable of developing more adhesive and frictional bond as 
well as more effective anchorage at their ends can increase the maximum sustained 
load, ductility, toughness and crack controllability exhibited by SFRC members under 
impact loading compared to their counterparts exhibited by conventionally reinforced 
RC members [2.63]. However, it should be noted that the data is characterised by 
considerable scatter and as a result it is unable to accurately quantify the above effects. 
The strength and response of specimens subjected to dynamic load vary over time due 
to the fact that system changes its kinematic positions which produce inertial forces. 
Since the impact loading is a type of dynamic loading which happens almost 
instantaneously, and the damping forces do not dissipate significant amount of energy, 
so the structural response depends on the impact energy and the structure stiffness, the 
contact rigidity, and the mechanical properties of materials [2.58]. 
2.6.2.1 SFRC Beams Subjected to Impact Loading 
Min (2014) [2.59] studied the effect of using steel fibres and shear reinforcement on 
static and impact load resistance of several RC beams. He considered two sets of beams, 
with and without shear reinforcements, but both containing longitudinal reinforcements. 
Two different weights were used for this study falling from a certain height causing the 
impact velocity of 5.9m/s, and impact energies of 2.50kJ and 2.68kJ. Some of the beams 
were casted as partial placing, in which the SFRC layers were casted in the bottom and 
top with 72.5mm thickness (equal to a quarter of the depth of the specimen). Some 
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beams didn’t contain any steel fibres and some contained 0.75% steel fibres, with 
compressive strength of 53.2MPa, and 50.4MPa, respectively. The results of impact 
tests of SFRC beams without shear reinforcement showed ductile behaviour with high 
energy absorption capacity which suggests that the required amount of shear 
reinforcement could be reduced for SFRC beams. SFRC beams showed improvement in 
their tensile capacities compared to normal concrete specimens. Partially reinforced 
with steel fibres specimens did not show any reduction of the impact load capacity, but 
local failure was observed in the mid-layer. 
Damasceno (2014) [2.58] studied the effect of steel fibres on the mechanical properties 
of concrete beams under impact load. Four concrete beams were tested with 
reinforcements and different amounts of steel fibres. All the beams had the same length 
and cross sections with the average compressive strength of 23MPa. The steel fibres 
were 1.05mm diameter and 50mm length and were used in different dosage of 0.5%, 
1.0%, and 2.0%. The impact load applied through a metallic piston of 70mm diameter 
with weight of 310N, which is released from a height of 2200mm. For the static load, 
one hydraulic cylinder with load capacity of 1000kN was used to apply the load. The 
observations showed that in average the addition of 2% steel fibre to the concrete 
mixture would result in 100% and 38% increase in tensile strength and elasticity 
modulus, respectively. Under impact test, the steel fibre reinforced beams presented less 
cracking and damage on the upper surface when compared to those without fibres. 
There was a significant decrease in steel reinforcement strain for SFRC beam, compared 
to their RC counterpart. For static tests, the SFRC beams showed more ductility 
compared to the RC beams and all beams failed by flexure with excessive strains in 
flexural reinforcement.  
Yoo (2015) [2.50] considered the effect of the reinforcement ratio on the flexural 
behaviour of Ultra High Performance Fibre Reinforced Concrete (UHPFRC) under 
impact loading. Four large-size beams were tested with the use of a drop-weight of 
270kg which fell from the height of 1600mm on the beams. Different reinforcement 
ratio of 0% (UH-N), 0.53% (UH-S-0.53%), 1.06% (UH-S-1.06%), and 1.71% (UH-S-
1.71%) were used in the bottom of the beams. Increase of reinforcement ratio improved 
the beam behaviour under impact loading. The maximum crack width at a certain drop 
stage also decreased by increasing of reinforcement ratio. 
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2.7 Assessing FRC Structural Response 
The in-depth investigation of the response of structural forms (constructed from RC and 
FRC) under impact loading is achieved, experimentally, via drop-weight testing or 
numerically via NLFEA. To avoid complexities associated with above methods and in 
order to simplify the analysis and design procedures, many (mainly military) design 
codes [2.55] employ equivalent simple lumped mass-spring systems for modelling 
individual structural elements with distributed mass and loading [2.55], [2.78]. The 
equivalence is based upon energy approximations that rely on an assumed deflected 
shape (the first eigenvector or the deflected shape under equivalent static loading). After 
predicting the behaviour of the individual structural element under high-rate loading, the 
response of the whole structure is assessed through the use of practical structural 
analysis packages [2.80]. Such packages employ beam or shell elements to model 
individual structural members whereas nonlinear response is accepted for through 
plastic hinge formation or by employing layered elements. The use of such packages 
requires considerably less computational resources than their counterparts employed 
mainly for research purposes, thus allowing the modelling of more intricate structures 
[2.80]. The above methodology relies on a number of simplifications concerning both 
material behaviour and structural responses. These include the use of simple uniaxial 
material laws, the description of post-failure behaviour, empirical amplification factors 
attributed to the strain-rate sensitivity of concrete behaviour, assumptions concerning 
the deformed shape of the structural elements and the use of elastic or elasto-plastic 
laws for describing structural behaviour. However, such simplifications do not allow the 
methodology to account for important characteristics of the problem at hand (a wave 
propagation problem within nonlinear medium), the brittle nature of concrete and its 
sensitivity to triaxial stress conditions, the true mechanics governing RC structural 
response and the localized response often exhibited.  
This research work investigates the response of SFRC elements under impact loading 
through experimental and numerical assessment. The equivalent simple lumped mass-
spring systems is out of the scope of this research work and will not be considered here.  
2.7.1 Experimental Investigation  
A large number of drop-weight and blast tests  [2.54], [2.80]–[2.84] have been carried 
out to date mainly on simple RC elements (beams, columns, slabs). Such tests are 
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difficult to conduct as the intensity of the loads generated increases rapidly (in a few 
msec) from zero to a maximum value often leading to explosive brittle forms of failure 
which can in turn damage the instruments employed for measuring structural response. 
Data obtained from such tests is characterised by a large scatter partly due to a wide 
range of parameters (associated with the experimental setup and the specimen) which 
differ from test to test [2.85], [2.86]. This scatter predominantly reflects the difficulty in 
correlating the measured response to the actual physical state of the specimens; in fact, 
the measured maximum value of imposed load frequently corresponds to a specimen 
physical-state characterised by high concrete disintegration as well as low residual load-
bearing capacity and stiffness [2.86], [2.87]. This stage of structural response has little 
practical significance as it depends heavily on post-failure mechanisms for transferring 
the applied loads to the specimen supports. In view of the above, the available test data 
cannot provide detailed insight into the mechanisms underlying structural response; it 
can, however, provide a qualitative description of the effect of loading-rate on specimen 
behaviour. 
2.7.2 NLFEA  
Additional to experimental investigation on structural elements under high rate loading, 
numerical investigation can assist researchers to predict the behaviour of structural 
elements. NLFEA software can help researchers through numerical analysis in order to 
validate the results which are obtained from expensive investigation of experimental 
tests and not always able to yield accurate measurements. Especially for the case of 
dynamic loading, in which the applied load is much greater than the static case and the 
duration of the test is very short (usually of the order of a few milliseconds (msec)). 
NLFEA packages may also provide realistic simulation of non-linear wave propagation 
in a cost-efficient manner, and also the possibility to simulate the real size structures 
while the experimental tests can investigate the response of smaller scale elements such 
as beams and slabs [2.52]. 
2.8 Summary 
To date different types of fibres have been used for commercial use, among all these, 
the steel fibre is the one which is mostly used. The behaviour of steel fibres is 
characterised by different factors such as cross section, shape, aspect ratio, tensile 
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strength, orientation and fibre volume fraction [2.2], [2.11]. Deformed steel fibres, (i.e. 
hooked-end, crimped and twin-cone fibres), with appropriate fibre content and aspect 
ratio can enhance the energy absorption, toughness of SFRC and cause the dominant 
failure as fibre pull-out [2.12]–[2.15]. The volume fraction of steel fibre is 
recommended to keep up to 2% in the concrete mixture [2.12], [2.16], [2.17]. 
The effect of fibres on concrete material behaviour in tension can be mainly observed 
after the onset of cracking as they attribute ductile characteristics to the post cracking 
behaviour of FRC compared to the fully brittle behaviour exhibited by plain concrete 
[2.18], [2.19]. Depending on the type and amount of fibres used in combination with the 
concrete mix employed, the post-cracking behaviour can be described as strain-
softening or strain-hardening.  
A number of constitutive models in the form of stress-strain relationships have been 
presented to date to describe the behaviour of SFRC in tension and compression which 
are described by detail in section 2.3.2.2 [2.30]–[2.36].  
It has been established numerically [2.43]–[2.46] and experimentally [2.47]–[2.51] that 
the response exhibited by RC members under impact loading differs when compared to 
that established under equivalent static testing once certain thresholds of applied loading 
rate are surpassed. The shift in structural response is attributed to: (i) the nature of the 
problem at hand (i.e. a wave propagation problem within a highly non-linear material), 
(ii) the development of inertia forces along the element span (iii) the ensuing localised 
response [2.52] as well as (iv) the development of high strain rates within concrete and 
steel which are widely considered to affect material behaviour (i.e. strain-rate 
sensitivity) [2.45], [2.53], [2.54].  
By increase of loading rate, the compressive and tensile stress-strain curves show a 
significant increase in the maximum sustained load, the ratio between the dynamic and 
static of dimensionless strains (𝜀𝑐𝑑/𝜀𝑐𝑠), elasticity moduli (𝐸𝑐𝑑/𝐸𝑐𝑠), and peak stresses 
(𝑓𝑐𝑑/𝑓𝑐𝑠) [2.60]. 
Both concrete and SFRC specimens subjected to flexural impact loading are sensitive to 
strain rate, and in general, they are both stronger and tougher under impact loading 
compared to the static loading. The amount, geometry and type of fibres are effective in 
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improving fracture energy absorption under impact loading. The fibres are less effective 
in improving fracture energy absorption for the matrix with higher strength [2.65]. 
Fracture energy shows a sudden jump by changing fibre content from 0.5% to 0.75% 
[2.66]. No significant change in the fracture energy is observed by increasing the fibre 
content more than 0.75% in the beam [2.66]. 
In a typical fibre pull-out test, adhesion and initial friction are activated first, and then 
mechanical component of bond is activated due to mechanical deformation of the fibre 
such as the hook in the hook end fibre. The initiation of mechanical bond (IMB) is 
considered as the maximum contribution, after the IMB point during the pull-out, the 
mechanical component of bond is activated which allow the maximum pull-out load to 
be reached [2.70]. The load-time curve of steel fibres pull-out test with different loading 
rates showed a first peak with a descending portion afterward, and then continues with 
second peak and then final load. The first peak is dependent on friction and bond, and 
since friction is not velocity sensitive, the bond is velocity sensitive. The second peak 
load is not very sensitive to loading velocity, as it is only dependent on friction [2.68]. 
The observations show that deformed steel fibres embedded in cementitious matrices 
bear a higher pull-out load and energy under impact then static pull-out [2.69]. 
Experiments, to study the effect of steel fibres on RC structural specimens subjected to 
static loading, show that the use of steel fibres can increase compressive strength, 
energy absorption capability and stiffness of reinforced concrete beams. They can also 
improve cracking characteristics and cause the failure mode to ductile under specific 
characteristic [2.76]. For steel fibres to be effective in shear, the amount of stirrups 
should be controlled. It is advised to use a low percentage of transverse reinforcement 
so that fibres are efficient in resisting stresses [2.77]. 
The strength and response of SFRC structural elements subjected to dynamic load vary 
over time due to the fact that system changes its kinematic positions which produce 
inertial forces, so the structural response depends on the impact energy and the structure 
stiffness, the contact rigidity, and the mechanical properties of materials [2.58]. The data 
obtained reveals that fibres capable of developing more adhesive and frictional bond as 
well as more effective anchorage at their ends can increase the maximum sustained 
load, ductility, toughness and crack controllability exhibited by SFRC members under 
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impact loading compared to their counterparts exhibited by conventionally reinforced 
RC members [2.63]. However, it should be noted that the data is characterised by 
considerable scatter and as a result it is unable to accurately quantify the above effects. 
2.9 References 
[2.1] D. J. Hannant, Fibre cements and fibre concretes. Chichester ; New York : Wiley, 
1978. 
[2.2] Concrete Society, Guidance for the design of steel-fibre-reinforced concrete. 
Camberley: Concrete Society, 2007. 
[2.3] J. P. Romualdi and G. B. Batson, “Mechanics of Crack Arrest in Concrete,” 
Journal of the Engineering Mechanics Division, vol. 89, no. 3, pp. 147–168, 1963. 
[2.4] R. Swamy and D. Lankard, “Some practical applications of steel fibre reinforced 
concrete.,” Proceedings of the Institution of Civil Engineers, vol. 56, no. 3, pp. 
235–256, Aug. 1974. 
[2.5] N. Van Chanh, “Steel fiber reinforced concrete,” in Faculty of Civil Engineering 
Ho chi minh City university of Technology. Seminar Material, 2004, pp. 108–116. 
[2.6] M. Nadine, “Healthy Doses of Steel Fiber ‘Clear’ Rebar Congestion in Concrete 
Coupling Beams,” ENR: Engineering News-Record, vol. 266, no. 2, p. 36, Jan. 
2011. 
[2.7] A. A. Abbas, S. M. Syed Mohsin, and D. M. Cotsovos, “A simplified finite 
element model for assessing steel fibre reinforced concrete structural 
performance,” Computers & Structures, vol. 173, pp. 31–49, Sep. 2016. 
[2.8] British Standards Institution, Eurocode 2: Design of concrete structures. Part 1-1: 
General rules and rules for buildings. British Standards Institution, 2004. 
[2.9] British Standards Institution and European Committee for Standardization, 
Eurocode 8: design of structures for earthquake resistance: Part 1: General Rules, 
Seismic Actions and Rules for Buildings. London: British Standards Institution, 
2004. 
[2.10] P. Sukontasukkul, S. Mindess, and N. Banthia, “Properties of confined fibre-
reinforced concrete under uniaxial compressive impact,” Cement and Concrete 
Research, vol. 35, no. 1, pp. 11–18, Jan. 2005. 
[2.11] National Research Council, “Guide for the Design and Construction of 
FibreReinforced Concrete Structures.” CNR-DT 204/2006, 2007. 
[2.12] R. Narayanan and I. Y. S. Darwish, “Use of Steel Fibers as Shear 
Reinforcement,” SJ, vol. 84, no. 3, pp. 216–227, May 1987. 
[2.13] T. Y. Lim, P. Paramasivam, and S. L. Lee, “Analytical Model for Tensile 
Behavior of Steel-Fiber Concrete,” MJ, vol. 84, no. 4, pp. 286–298, Jul. 1987. 
[2.14] J.-F. Trottier and N. Banthia, “Toughness characterization of steel-fiber 
reinforced concrete,” Journal of materials in civil engineering, vol. 6, no. 2, pp. 
264–289, 1994. 
[2.15] P. Robins, S. Austin, and P. Jones, “Pull-out behaviour of hooked steel fibres,” 
Mat. Struct., vol. 35, no. 7, pp. 434–442, Aug. 2002. 
[2.16] A. R. Khaloo and M. Afshari, “Flexural behaviour of small steel fibre reinforced 
concrete slabs,” Cement and Concrete Composites, vol. 27, no. 1, pp. 141–149, 
Jan. 2005. 
[2.17] A. K. Sharma, “Shear Strength of Steel Fiber Reinforced Concrete Beams,” JP, 
vol. 83, no. 4, pp. 624–628, Jul. 1986. 
 
         
 
53 
 
[2.18] M. D. Kotsovos and M. N. Pavlovic, Structural Concrete: Finite-element 
Analysis for Limit-state Design. Thomas Telford, 1995. 
[2.19] P. M. Zisopoulos, M. D. Kotsovos, and M. N. Pavlovic, “Deformational 
behaviour of concrete specimens in uniaxial compression under different boundary 
conditions,” Cement and Concrete Research, vol. 30, no. 1, pp. 153–159, Jan. 
2000. 
[2.20] T. L. Anderson, “Fracture Mechanics: Fundamentals and Applications,” pp. 
107–111, 2005. 
[2.21] A. Szekrényes, “J-integral for delaminated beam and plate models,” Periodica 
Polytechnica Mechanical Engineering, vol. 56, no. 1, pp. 63–71, Sep. 2012. 
[2.22] V.S. John, V. van Krystyn, in 3.302 Mechanical Behavior of Materials, MIT, 
Cambridge, 2006. 
[2.23] G. P. Cherepanov, “Crack propagation in continuous media: PMM vol. 31, no. 
3, 1967, pp. 476–488,” Journal of Applied Mathematics and Mechanics, vol. 31, 
no. 3, pp. 503–512, Jan. 1967. 
[2.24] J. R. Rice, “A Path Independent Integral and the Approximate Analysis of Strain 
Concentration by Notches and Cracks,” J. Appl. Mech, vol. 35, no. 2, pp. 379–386, 
Jun. 1968. 
[2.25] B. Kozłowiec, “Numerical methods for estimating J integral in models with 
regular rectangular meshes,” IOP Conference Series: Materials Science and 
Engineering, vol. 175, p. 012062, Feb. 2017. 
[2.26] J. W. Hutchinson and Z. Suo, “Mixed Mode Cracking in Layered Materials,” in 
Advances in Applied Mechanics, vol. 29, Elsevier, 1991, pp. 63–191. 
[2.27] S. Wang and C. Harvey, “A theory of one-dimensional fracture,” Composite 
Structures, vol. 94, no. 2, pp. 758–767, Jan. 2012. 
[2.28] H. Tlemat, K. Pilakoutas, and K. Neocleous, “Modelling of SFRC using inverse 
finite element analysis,” Materials and Structures, vol. 39, no. 2, pp. 221–233, Aug. 
2007. 
[2.29] “RILEM TC 162-TDF: TEST AND DESIGN METHODS FOR STEEL FIBRE 
REINFORCED CONCRETE,” Materials and Structures, vol. 35, no. 5, pp. 262–
278, Jun. 2002. 
[2.30] T.-S. Lok and J.-S. Pei, “Flexural behavior of steel fiber reinforced concrete,” 
Journal of Materials in Civil Engineering, vol. 10, no. 2, pp. 86–97, 1998. 
[2.31] T. S. Lok and J. R. Xiao, “Flexural strength assessment of steel fiber reinforced 
concrete,” Journal of Materials in Civil engineering, vol. 11, no. 3, pp. 188–196, 
1999. 
[2.32] J. A. O. Barros and J. A. Figueiras, “Flexural Behavior of SFRC: Testing and 
Modeling,” Journal of Materials in Civil Engineering, vol. 11, no. 4, pp. 331–339, 
Nov. 1999. 
[2.33] RILEM Technical Committees, “RILEM TC 162-TDF: Test and Design 
Methods for Steel Fibre-Reinforced Concrete, Design of Steel Fibre-Reinforced 
Concrete using the 𝜎 − 𝑤Method: Principles and Application,” Materials and 
Structures, vol. 33, no. 249, pp. 75–81, 2000. 
[2.34] RILEM Technical Committees, “RILEM TC 162-TDF: Test and Design 
Methods for Steel Fibre-Reinforced Concrete, Design of Steel Fibre-Reinforced 
Concrete using the 𝜎 − 𝑤Method: Principles and Application,” Materials and 
Structures, vol. 36, pp. 560–567, 2003. 
[2.35] J. A. O. Barros and J. A. Figueiras, “Model for the analysis of steel fibre 
reinforced concrete slabs on grade,” Computers and Structures, p. 10, 2001. 
 
         
 
54 
 
[2.36] H. Tlemat, K. Pilakoutas, and K. Neocleous, “Stress-strain characteristic of 
SFRC using recycled fibres,” Materials and Structures, p. 13, 2006. 
[2.37] R. E. Rowe, G. Somerville, and A. W. Beeby, Handbook to British standard 
BS8110:1985: structural use of concrete. London: Palladian, 1987. 
[2.38] R. J. Craig, J. Decker, L. Dombrowski, R. Laurencelle, and J. Federovich, 
“Inelastic Behavior of Reinforced Fibrous Concrete,” Journal of Structural 
Engineering, vol. 113, no. 4, pp. 802–817, Apr. 1987. 
[2.39] T.-J. Chuang and Y.-W. Mai, “Behavior of Strain Softening Materials in 
Flexural Bending,” SP, vol. 105, pp. 85–100, Dec. 1987. 
[2.40] R. N. Swamy and S. A. AI-Ta’an, “Deformation and Ultimate Strength in 
Flexure of Reinforced Concrete Beams Made with Steel Fiber Concrete,” JP, vol. 
78, no. 5, pp. 395–405, Sep. 1981. 
[2.41] H. Tlemat, K. Pilakoutas, and K. Neocleous, “Modelling of SFRC using inverse 
finite element analysis,” Mater Struct, vol. 39, no. 2, pp. 221–233, Mar. 2006. 
[2.42] Mechtcherine, V. et al., “Behavior of Strain-Hardening of Cement-Composites 
Under High Strain Rates,” Journal of Advanced Concrete Technology, vol. 9, no. 
1, pp. 51–62, 2011. 
[2.43] N. Kishi, H. Mikami, and T. Ando, “An applicability of FE impact analysis on 
shear failure type RC beams with shear rebars,” 4th Asia-Pacific Conference on 
Shock and Impact Loads on Structures, pp. 309–315, 2001. 
[2.44] D. M. Cotsovos and M. N. Pavlović, “Numerical investigation of concrete 
subjected to compressive impact loading. Part 1: A fundamental explanation for 
the apparent strength gain at high loading rates,” Computers & Structures, vol. 86, 
no. 1–2, pp. 145–163, Jan. 2008. 
[2.45] S. Saatci and F. J. Vecchio, “Nonlinear finite element modeling of reinforced 
concrete structures under impact loads,” ACI structural journal, vol. 106, no. 5, 
2009. 
[2.46] N. Kishi, S. G. Khasraghy, and H. Kon-No, “Numerical simulation of reinforced 
concrete beams under consecutive impact loading,” ACI Structural Journal, vol. 
108, no. 4, 2011. 
[2.47] A. E. Naaman and V. S. Gopalaratnam, “Impact properties of steel fibre 
reinforced concrete in bending,” International journal of cement composites and 
lightweight concrete, vol. 5, no. 4, pp. 225–233, 1983. 
[2.48] Y. Mohammadi, R. Carkon-Azad, S. P. Singh, and S. K. Kaushik, “Impact 
resistance of steel fibrous concrete containing fibres of mixed aspect ratio,” 
Construction and Building Materials, vol. 23, no. 1, pp. 183–189, Jan. 2009. 
[2.49] X. X. Zhang, A. M. Abd Elazim, G. Ruiz, and R. C. Yu, “Fracture behaviour of 
steel fibre-reinforced concrete at a wide range of loading rates,” International 
Journal of Impact Engineering, vol. 71, pp. 89–96, Sep. 2014. 
[2.50] D.-Y. Yoo, N. Banthia, S.-W. Kim, and Y.-S. Yoon, “Response of ultra-high-
performance fiber-reinforced concrete beams with continuous steel reinforcement 
subjected to low-velocity impact loading,” Composite Structures, vol. 126, pp. 
233–245, Aug. 2015. 
[2.51] H. T. Wang and L. C. Wang, “Experimental study on static and dynamic 
mechanical properties of steel fiber reinforced lightweight aggregate concrete,” 
Construction and Building Materials, vol. 38, pp. 1146–1151, Jan. 2013. 
[2.52] D. M. Cotsovos, “A simplified approach for assessing the load-carrying capacity 
of reinforced concrete beams under concentrated load applied at high rates,” 
International Journal of Impact Engineering, vol. 37, no. 8, pp. 907–917, Aug. 
2010. 
 
         
 
55 
 
[2.53] P. H. Bischoff and S. H. Perry, “Compressive behaviour of concrete at high 
strain rates,” Materials and Structures, vol. 24, no. 6, pp. 425–450, Nov. 1991. 
[2.54] S. D. Adhikary, B. Li, and K. Fujikake, “Dynamic behavior of reinforced 
concrete beams under varying rates of concentrated loading,” International 
Journal of Impact Engineering, vol. 47, pp. 24–38, Sep. 2012. 
[2.55] TM5-855-1, “Design and Analysis of Hardened Structures to Conventional 
Weapons Effects,” The Departments of Army, Air Force and Navy and the Defence 
Special Weapons Agency, USA, 1998. 
[2.56] D. M. Cotsovos and M. N. Pavlović, “Numerical investigation of concrete 
subjected to high rates of uniaxial tensile loading,” International Journal of Impact 
Engineering, vol. 35, no. 5, pp. 319–335, May 2008. 
[2.57] D. M. Cotsovos and M. N. Pavlović, “Numerical investigation of concrete 
subjected to compressive impact loading. Part 2: Parametric investigation of 
factors affecting behaviour at high loading rates,” Computers & Structures, vol. 
86, no. 1–2, pp. 164–180, Jan. 2008. 
[2.58] I. I. R. Damasceno, M. de P. Ferreira, and D. R. C. de Oliveira, “RC beams with 
steel fibers under impact loads,” Acta Scientiarum. Technology, vol. 36, no. 1, pp. 
23–31, Jan. 2014. 
[2.59] K.-H. Min, K. Y. Kwon, J.-Y. Lee, and Y.-S. Yoon, “Effects of steel fibre and 
shear reinforcement on static and impact load resistances of concrete beams,” 
Magazine of Concrete Research, vol. 66, no. 19, pp. 998–1006, Oct. 2014. 
[2.60] Q. Fang and J. Zhang, “Three-dimensional modelling of steel fiber reinforced 
concrete material under intense dynamic loading,” Construction and Building 
Materials, vol. 44, pp. 118–132, Jul. 2013. 
[2.61] A. T. Owens and H. V. Tippur, “A Tensile Split Hopkinson Bar for Testing 
Particulate Polymer Composites Under Elevated Rates of Loading,” Experimental 
Mechanics, vol. 49, no. 6, pp. 799–811, Dec. 2009. 
[2.62] “CEB-FIP Model Code 1990: Design Code - fib Fédération internationale du 
béton - Google Books.” [Online]. Available: 
https://books.google.co.uk/books?id=IRG9GTPJ7s8C&pg=PP3&lpg=PP3&dq=Co
mit%C3%A9+Euro-International+du+B%C3%A9ton,+CEB-
FIP+Model+Code+1990,+Redwood+Books,+Trowbridge,+Wiltshire,+UK,+1993
&source=bl&ots=769viX1Chr&sig=55EjHzgE0NCO1HwvQ9ieunQnVhY&hl=en
&sa=X&ved=2ahUKEwjpxp7_9pDeAhVrDcAKHbHtCNsQ6AEwA3oECAYQA
Q#v=onepage&q=Comit%C3%A9%20Euro-
International%20du%20B%C3%A9ton%2C%20CEB-
FIP%20Model%20Code%201990%2C%20Redwood%20Books%2C%20Trowbrid
ge%2C%20Wiltshire%2C%20UK%2C%201993&f=false. [Accessed: 18-Oct-
2018]. 
[2.63] Z. Xu, H. Hao, and H. N. Li, “Dynamic tensile behaviour of fibre reinforced 
concrete with spiral fibres,” Materials & Design, vol. 42, pp. 72–88, Dec. 2012. 
[2.64] J. A. O. Barros and J. A. Figueiras, “Model for the analysis of steel ®bre 
reinforced concrete slabs on grade,” Computers and Structures, p. 10, 2001. 
[2.65] N. Banthia, K. Chokri, and J. F. Trottier, “Impact Tests on Cement-Based Fiber 
Reinforced Composites,” ACI Publications, no. 155, pp. 171–188, 1995. 
[2.66] N. Wang, S. Mindess, and K. Ko, “Fibre reinforced concrete beams under 
impact loading,” Cement and Concrete Research, vol. 26, no. 3, pp. 363–376, Mar. 
1996. 
 
         
 
56 
 
[2.67] D.-Y. Yoo, Y.-S. Yoon, and N. Banthia, “Flexural response of steel-fiber-
reinforced concrete beams: Effects of strength, fiber content, and strain-rate,” 
Cement and Concrete Composites, vol. 64, pp. 84–92, Nov. 2015. 
[2.68] U. N. Gokoz and A. E. Naaman, “Effect of strain-rate on the pull-out behaviour 
of fibres in mortar,” International Journal of Cement Composites and Lightweight 
Concrete, vol. 3, no. 3, pp. 187–202, Aug. 1981. 
[2.69] N. Banthia and J.-F. Trottier, “Deformed steel fiber—cementitious matrix bond 
under impact,” Cement and Concrete Research, vol. 21, no. 1, pp. 158–168, Jan. 
1991. 
[2.70] D. joo Kim, “Strain rate effect on high performance fiber reinforced 
cementitious composites using slip hardening high strength deformed steel fibers,” 
PhD Thesis, University of Michigan, 2008. 
[2.71] Mansur M. A., Ong K. C. G., and Paramasivam P., “Shear Strength of Fibrous 
Concrete Beams Without Stirrups,” Journal of Structural Engineering, vol. 112, 
no. 9, pp. 2066–2079, Sep. 1986. 
[2.72] B. H. Oh, D. H. Lim, S. W. Yoo, and E. S. Kim, “Shear behaviour and shear 
analysis of reinforced concrete beams containing steel fibres,” Magazine of 
Concrete Research, vol. 50, no. 4, pp. 283–291, Dec. 1998. 
[2.73] Y.-K. Kwak, M. O. Eberhard, W.-S. Kim, and J. Kim, “Shear Strength of Steel 
Fiber-Reinforced Concrete Beams without Stirrups,” SJ, vol. 99, no. 4, pp. 530–
538, Jul. 2002. 
[2.74] G. Campione, L. La Mendola, and M. Papia, “Shear strength of steel fiber 
reinforced concrete beams with stirrups,” Structural Engineering and Mechanics, 
vol. 24, no. 1, pp. 107–136, 2006. 
[2.75] G. Campione, “Flexural Behavior of Steel Fibrous Reinforced Concrete Deep 
Beams,” Journal of Structural Engineering, vol. 138, no. 2, pp. 235–246, Feb. 
2012. 
[2.76] C. E. Chalioris, “Analytical approach for the evaluation of minimum fibre factor 
required for steel fibrous concrete beams under combined shear and flexure,” 
Construction and Building Materials, vol. 43, pp. 317–336, Jun. 2013. 
[2.77] G. Campione and M. Letizia Mangiavillano, “Fibrous reinforced concrete beams 
in flexure: Experimental investigation, analytical modelling and design 
considerations,” Engineering Structures, vol. 30, no. 11, pp. 2970–2980, Nov. 
2008. 
[2.78] C. M. Morison, “Dynamic response of walls and slabs by single-degree-of-
freedom analysis—a critical review and revision,” International Journal of Impact 
Engineering, vol. 32, no. 8, pp. 1214–1247, Aug. 2006. 
[2.79]  F. Parisi and N. Augenti, “Influence of seismic design criteria on blast resistance 
of RC framed buildings: A case study,” Engineering Structures, vol. 44, pp. 78–
93, Nov. 2012. 
[2.80] A. A. Abbas, A. D. Pullen, and D. M. Cotsovos, “Structural response of RC 
wide beams under low-rate and impact loading,” Magazine of Concrete Research, 
vol. 62, no. 10, pp. 723–740, Jan. 2010. 
[2.81] S. Saatci and F. J. Vecchio, “Effects of shear mechanisms on impact behavior of 
reinforced concrete beams,” ACI structural Journal, vol. 106, no. 1, 2009. 
[2.82] Y. Chen and I. M. May, “Reinforced concrete members under drop-weight 
impacts,” Proceedings of the ICE - Structures and Buildings, vol. 162, no. 1, pp. 
45–56, Jan. 2009. 
[2.83] G. Hughes and D. M. Speirs, “An Investigation of the Beam Impact Problem,” 
Cement and Concrete Association Technical Report, no. 546, Apr. 1982. 
 
         
 
57 
 
[2.84] K. Fujikake, B. Li, and S. Soeun, “Impact Response of Reinforced Concrete 
Beam and Its Analytical Evaluation,” Journal of Structural Engineering, vol. 135, 
no. 8, pp. 938–950, Aug. 2009. 
[2.85] D. M. Cotsovos, N. D. Stathopoulos, and C. A. Zeris, “Behavior of RC beams 
subjected to high rates of concentrated loading,” Journal of structural engineering, 
vol. 134, no. 12, pp. 1839–1851, 2008. 
[2.86] M. D. Kotsovos, M. N. Pavlovic, and D. M. Cotsovos, “Characteristic features 
of concrete behaviour: Implications for the development of an engineering finite-
element tool,” Computers and Concrete, vol. 5, no. 3, pp. 243–260, Jun. 2008. 
[2.87] M. N. Pavlović and D. M. Cotsovos, “Modelling of RC beams under impact 
loading,” Proceedings of the ICE - Structures and Buildings, vol. 165, no. 2, pp. 
77–94, Feb. 2012. 
 
 
 
 
         
 
58 
 
Chapter 3:  Methodology: Non-Linear FE Analysis of SFRC 
Structures 
3.1  Introduction  
In this chapter, the work carried out for calibrating the constitutive models employed for 
describing the behaviour of SFRC when carrying non-linear FE analysis is presented 
and discussed. A comparison between the numerical predictions obtained from a 
number of FE models developed for representing a series of SFRC specimens with 
existing experimental data is presented in Appendix A.   
3.2  Constitutive model for SFRC 
Many researchers have investigated to date the behaviour of SFRC in tension. Four of 
the models developed are considered in Chapter 2. The models proposed by Lok and Pei 
(1998) [3.1] and Lok and Xiao (1999) [3.2] are more general, and considered the effect 
of different volume fractions, bond stresses and steel fibre aspect ratios on the behaviour 
of SFRC. The constitutive model proposed by Tlemat et al (2006) [3.3] describes SFRC 
material behaviour for high values of fibre volume fractions of up to 6%, whereas the 
model proposed by Barros and Figueiras (2001) [3.4] is applicable for specimen with 
low fibre contents (approximately equal to 0.5%). The models presented by Lok and Pei 
(1998) [3.1] and Lok and Xiao (1999) [3.2] are applicable for both low and high values 
of fibre content and are more suitable for the values of fibre content considered in the 
studies considered in this thesis which range between 0.5% to 2%.  
The models proposed by Lok and Pei (1998) [3.1] and Lok and Xiao (1999) [3.2] are 
similar and are developed based on the same concepts. Lok and Xiao (1999) [3.2] is 
essentially an improvement over the model proposed by Lok and Pei (1998) [3.1]. The 
fibre content and a fibre orientation factor are key input parameters. In addition, the 
stress-stain curve describing the post-cracking behaviour of SFRC in tension is similar 
to those adopted by the models proposed by RILEM TC 162-TDF Recommendation 
[3.5], [3.6] as well as other researchers (Lim et al (1987); Murugappan et al (1994)) 
[3.7], [3.8]. Based on the findings of the calibration work, it was observed that results 
presented by Lok and Xiao (1999) [3.2] constitutive model are in best agreement with 
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existing experimental data [3.9]. Therefore, the SFRC constitutive model proposed by 
Lok and Xiao (1999) [3.2] is adopted in the present study and compared with available 
published experimental data.  
The reasons for choosing this constitutive model are summarised below: 
 It can be employed for a wide range of fibre contents (i.e. 0.5% to 3%) and is 
suitable for the case studies considered in the presented work. 
 It can account for the effect of different aspect ratios (L/d) of fibres and different 
values of bond stress (𝜏𝑑) on the behaviour of SFRC. 
 It considers the randomness of fibre distribution within the SFRC matrix.  
 The model predicts both strain softening and strain hardening behaviour based 
on the provided fibre amount.  
 Based on the results obtained from the calibration case studies, the predictions of 
the model are in good agreement with relevant published experimental data 
(refer to Appendix A).  
3.2.1 Modelling SFRC behaviour in tension 
The introduction of fibres into concrete predominantly enhances its behaviour in 
tension. As discussed earlier, the model proposed by Lok and Xiao (1999) [3.2] is 
adopted in this thesis for describing the material behaviour of SFRC in tension . Values 
for the bond stress (𝜏𝑑) are selected from the set of values provided in Chapter 2, Table 
2.1. The values adopted of the ultimate compressive and tensile strain are 0.0035 and 
0.02 ([3.1], [3.2], [3.10], [3.11]), respectively. When employing the model proposed by 
Lok and Xiao (1999) [3.2] for carrying out the numerical studies presented in this thesis 
the stress is considered to decrease gradually to zero for values of strain between 0.018 
to 0.02.  
3.2.2 Modelling SFRC material behaviour in compression 
As discussed in Chapter 2, the addition of steel fibres has no significant effect on the 
behaviour of concrete compression. This is assumption is adopted in the present work 
and consequently the behaviour of SFRC in compression is considered the same as that 
of plain concrete.  
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3.3 Review of the material models available in ABAQUS 
The numerical parametric studies presented in this thesis are carried out using 
ABAQUS (2014) [3.12], a package which is capable of carrying out non-linear finite 
element analysis (NLFEA). A brief description on how RC structures are modelled in 
ABAQUS (2014) [3.12] is presented herein. 
Non-linear structural analysis is adopted for predicting the behaviour of a structure in 
which its stiffness changes as it deforms either due to the nonlinear material behaviour 
(e.g. associated with cracking of concrete or the yielding of steel), changes in the 
boundary condition imposed or to the structure considered exhibiting large deformations 
(geometric nonlinearities). The solution strategy adopted for solving the nonlinear 
problems presently considered is based on the Newton-Raphson method [3.13], [3.14] 
during which the external load is applied incrementally in small load-steps. 
The basic formalism of newton method in Abaqus considers after an iteration i, an 
approximation 𝑢𝑖
𝑀 to the solution has been obtained. Let 𝑐𝑖+1
𝑀  be the difference between 
the solution and the exact solution to the discrete equilibrium equation, which means 
that 
𝐹𝑁(𝑢𝑖
𝑀 + 𝑐𝑖+1
𝑀 ) = 0                                                                                        (3.1) 
Expanding the left-hand side of this equation in a Taylor series about the approximate 
solution 𝑢𝑖
𝑀 gives 
𝐹𝑁(𝑢𝑖
𝑀) +
𝜕𝐹𝑁
𝜕𝑢𝑃
(𝑢𝑖
𝑀)𝑐𝑖+1
𝑃 +
𝜕2𝐹𝑁
𝜕𝑢𝑃𝜕𝑢𝑄
(𝑢𝑖
𝑀)𝑐𝑖+1
𝑃 𝑐𝑖+1
𝑄 +⋯ = 0                           (3.2) 
If 𝑢𝑖
𝑀 is a close approximation to the solution, the magnitude of each 𝑐𝑖+1
𝑀  will be small, 
so all the terms except the first two terms can be neglected, giving a linear system of 
equations: 
𝐾𝑖
𝑁𝑃𝑐𝑖+1
𝑃 = −𝐹𝑖
𝑁                                                                                             (3.3) 
Where 
𝐾𝑖
𝑁𝑃 =
𝜕𝐹𝑁
𝜕𝑢𝑃
(𝑢𝑖
𝑀)                                                                                             (3.4) 
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is the Jacobian matrix and  
𝐹𝑖
𝑁 = 𝐹𝑁(𝑢𝑖
𝑀)                                                                                                 (3.5) 
The next approximation to the solution is  
𝑢𝑖+1
𝑀 = 𝑢𝑖
𝑀 + 𝑐𝑖+1
𝑀                                                                                            (3.6) 
And the iteration continues. Convergence of Newton’s method is measured by ensuring 
that all entries in 𝐹𝑖
𝑁 and 𝑐𝑖+1
𝑁  are sufficiently small. Both these criteria are checked by 
default in ABAQUS Standard [3.15] 
3.3.1 Concrete models available in ABAQUS  
From the models available in ABAQUS the Damaged Plasticity and Brittle Cracking are 
presently chosen to for describing concrete material behaviour and are used to develop 
finite element models in order to predict the behaviour of RC and SFRC specimen under 
static and impact loading.  
3.3.1.1 Smeared cracking concrete model 
The smeared crack concrete model can be used to describe the behaviour of plain and 
reinforced concrete. It was developed for modelling concrete when subjected to 
essentially monotonic straining at low confining pressures. The behaviour of concrete in 
compression and tension is described by a stress-strain and is defined through the use of 
uni-axial stress-strain data. The stress-strain curve describing concrete material 
behaviour in compression and tension [3.12] is shown in Figure 3.1. The effect of steel 
fibres is modelled using tension stiffening to incorporate the constitutive models for 
SFRC. The tension stiffening model adopted is shown in Figure 3.2.  
The relationship between compressive and tensile behaviour is characterised in the 
failure ratio value. Two ratios are defined for ABAQUS to allow it to define the shape 
of failure surface as it is shown in Figure 3.3. One ratio is the ultimate bi-axial 
compressive stress to the ultimate uni-axial compressive stress and another ratio is the 
absolute value of the ratio of the uni-axial tensile stress at failure to the ultimate uni-
axial compressive stress.  
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Finally, a “shear retention factor” is introduced to allow for the reduction in shear 
stiffness of concrete as the crack propagates. The value of the shear retention factor 
relies on the mechanisms such as aggregate interlock, the fibres bridging a crack, etc. 
Full shear retention (i.e. no reduction) is the default value assumed by ABAQUS. It 
decreases when crack is propagated. The variation of the shear retention factor with 
strain is described in Figure 3.4 in which the value of the shear modulus (𝜌𝑐𝑙𝑜𝑠𝑒) varies 
form 0 (no shear retention) to 1 (full shear retention). The maximum strain value is 
defined by the user. The shear retention model is linear because ABAQUS considers the 
shear stiffness of open cracks reduces linearly to zero as the crack opening increases 
[3.12] 
 
Figure 3.1- Uniaxial behaviour of plain concrete [3.12] 
 
Figure 3.2- Tension stiffening model [3.12] 
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Figure 3.3- Yield and failure surfaces in plane stress [3.12] 
 
Figure 3.4- Shear retention model [3.12] 
3.3.1.2 Brittle Cracking concrete model 
The Brittle Cracking (BC) model is purpose-built for materials the behaviour of which 
is dominated by tensile cracking [3.15]. This is largely true in the case of RC flexural 
structural elements where cracks form due to the development of tensile strains within 
the concrete medium. Such cracks gradually extend with increasing levels of applied 
loading, ultimately leading to structural failure and collapse. This is particularly useful 
for the present study on SFRC performance as it allows for modelling the effect of steel 
fibres on the concrete behaviour in tension, especially after the onset of cracking. It is 
interesting to note that in the case of the “Brittle Cracking model”, the behaviour of 
concrete in compression is modelled as being linear elastic in order to enhance the 
numerical stability of the solution process. By adopting this simplification, emphasis is 
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focused on realistically describing the all-important tensile response. Furthermore, as 
the present NLFEA is carried out using 3D modelling, at least one principal stress is 
required to be tensile to trigger cracking (this is the salient feature of concrete behaviour 
which is predominantly brittle) and this is well captured by the Brittle Cracking model. 
So, although the model assumes elastic behaviour in compression for efficiency 
purposes, this does not affect the accuracy as the predictions are in good agreement with 
experimental data (as discussed in the present study). This basic yet profound and 
focused approach allows one to develop a more fundamental understanding of aspects 
affecting the structural response of SFRC. Considering elastic behaviour in compression 
makes Brittle Cracking model not suitable to model the material behaviour of specimens 
under uniaxial compression (refer to modelling cylinders under compression in section 
8.2, chapter 8).  
In Brittle Cracking model, ABAQUS adopts a smeared crack approach in which the 
presence of cracks is considered into the calculation of stress and material stiffness. 
Rankine criterion is employed to detect crack initiation. A crack is formed when the 
principal tensile stress exceed the tensile strength. This model requires a failure in 
tension stress in order to consider failure at a node or region. As soon as Rankine 
criterion for crack formation is met, it is assumed that the first crack has formed. The 
crack surface is normal to the direction of the maximum tensile principal stress (see 
Figure 3.5). Further cracks are also formed in a surface normal in the direction of 
maximum principal tensile stress that is perpendicular to the direction of existing crack 
surface normal at the same point.  
 
Figure 3.5- Rankine criterion in plane stress [3.12] 
 
         
 
65 
 
Two type of failure modes exist in this criterion, Mode I (tension softening/stiffening) 
and Mode II (shear softening/retention). Crack initiation is taken to be based on Mode I 
failure, while Mode II is also effective on post-cracking behaviour. As the crack opens, 
the cracked shear modulus reduces in Mode II.  
Rankine criterion is capable of considering cracks closing and reopening and has the 
memory of all cracks directions. The tensile post failure (i.e. post cracking) curve shown 
in Figure 3.6 shows the tensile post failure stress- strain behaviour of concrete, which 
can be also modified for SFRC specimen. In addition, the interaction between concrete 
and reinforcement (and also fibres) can be also modelled through tension stiffening 
effect.  
 
Figure 3.6- Post-failure stress-strain curve [3.12] 
As cracks open, it affects the shear behaviour (Mode II model). So a shear retention 
model is used as it is defined in Figure 3.7 to allow shear stiffness in the model.  
 
Figure 3.7- Piece-wise linear form of the shear retention model [3.12] 
3.3.1.3 Damaged Plasticity model 
The development of the Damaged Plasticity (DP) model is based on the Drucker–Prager 
strength hypothesis [3.15]. Drucker-Prager model [3.16] has been extended to model the 
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behaviour of concrete or concrete-like materials, which is capable of providing 
phenomenological account for the pressure dependent flow due to the internal friction, 
which is a typical feature of concrete or concrete-like materials. It allows to track the 
evolution of deformation through both strain hardening and strain softening within finite 
deformation kinematics [3.17].  
The yielding function for the Drucker-Prager model is in the form of 
𝜃𝐼1 +√𝐽2𝑓(𝐾) + 𝑘(𝜀?̃?) = 0,                                                                         (3.7) 
𝑓(𝐾) =
√3
2
[1 +
1
𝐾
−
3√3
2
⁡(1 −
1
𝑘
) (
√𝐽3
3
√𝐽2
)
3
],                                                      (3.8) 
where 
𝐼1 =
𝜎𝑐+2𝜎1
3
, √𝐽2 =
|𝜎𝑐−𝜎𝑙|
√3
,⁡                                                                              (3.9)                
in which the subscript c denotes axial direction and l represents lateral direction; θ is the 
friction parameter, which is the slope of the yield surface in the stress space; k is the 
hardening function which governs the development of subsequent yielding surface. The 
function f(K) is an indirect expression of  Lode’s angle combining second and third 
invariant of deviatoric stress, J2 and J3. K is a material parameter that accounts for 
stress-path with the variation of shear strength under a given hydrostatic pressure and 
determines the shape of yielding function in deviatoric plane, ranging from 0.778 to 1. 
In the case of uniform confinement, f(K) equals to √3 irrelevant to K [3.18]. 
In Drucker-Prager model, the plastic potential function G governs the flow rule. The 
increments of plastic strain can be found by,  
𝑑𝜀𝑖𝑗
𝑝 = 𝜆
𝜕𝐺
𝜕𝜎𝑖𝑗
; 𝐺 = √3𝐽2 − 𝑡𝑎𝑛𝛽
𝐼1
3
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡,                                           (3.10) 
where λ is a non-negative scalar parameter; β, the plastic dilation angle, is directly 
related to the slope of plastic volumetric strain, 𝜀𝑣
𝑝
, and shear strains, 𝜀𝑠
𝑝
, which is of 
great significance in the mathematical modelling of pressure dependent material [3.19]. 
In the case of uniformly confined cylinder, the plastic dilation angle is, 
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tan𝛽 =
3(𝑑 𝑐
𝑝
+2𝑑 𝑙
𝑝
)
2(𝑑 𝑙
𝑝
−𝑑 𝑐
𝑝
)
=
3𝑑 𝑣
𝑝
2𝑑 𝑠
𝑝 =
√3
2
𝑑𝐼′1
𝑝
√𝑑𝐽′2
𝑝
=
√3
2
𝛼                                               (3.11) 
𝜀𝑐
𝑝 = 𝜀𝑐 −
1
𝐸
(𝜎𝑐 − 2𝑣𝜎1), 𝜀𝑙
𝑝 = 𝜀𝑙 −
1
𝐸
[(1 − 𝑣)𝜎1 − 𝑣𝜎𝑐],                            (3.12) 
in which α is the plastic dilation rate; E and v are the elastic Young’s modulus and 
Poisson’s ratio, respectively. A negative β value indicates a volumetric compaction 
tendency while a positive value indicates a volumetric expansion tendency. A transition 
point arises when β is zero in volumetric deformation. A transition point arises when β 
is zero in volumetric deformation [3.18].  
Concrete material behaviour in compression and tension is described separately through 
the use of non-linear stress-strain curves with post-peak branches (which are softening 
in compression and can be softening or hardening in tension). A scalar-damage model is 
employed to account for the reduction of stiffness occurring due to degradation resulting 
from tensile cracking or crushing [3.15]. Degradation is assumed isotropic and 
dependent on a single parameter (i.e. scalar stiffness degradation variable), the value of 
which ranges from 0 for an undamaged state to 1 for a fully damaged state. The model 
also contains parameters such as the initial undamaged and the degraded elastic stiffness 
of concrete as well as the equivalent plastic strains in tension or compression (which is 
associated with the micro-cracking and the crushing processes that concrete is 
considered to undergo). These parameters essentially control the evolution of the yield 
surface and the degradation of the elastic stiffness. When unloading occurs after 
entering the strain softening (i.e. descending) branch of the stress-strain curves, the 
degradation becomes more pronounced as the plastic strain increases. Important 
parameters that need to be defined in the DP model are (i) the dilation angle ψ (i.e. the 
angle of inclination of the failure surface in relation to the hydrostatic axis) which 
controls the plastic flow and (ii) the viscosity parameter [3.12].  
The post failure behaviour is modelled using tension stiffening by defining strain-
softening properties for cracked concrete and the effect of reinforcement (steel 
reinforcement and steel fibres) is also considered, too. Figure 3.8 shows the function of 
cracking strain (𝜀?̃?
𝑐𝑘) used for defining tension stiffening, while Figure 3.9 shows the 
inelastic (crushing) strain (𝜀?̃?
𝑖𝑛) which is used to define compression hardening.  
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Figure 3.8- illustration of the definition of the cracking strain (𝜀?̃?
𝑐𝑘) used for the definition of tension 
stiffening data [3.12] 
 
Figure 3.9- Definition of the compressive inelastic (or crushing) strain (𝜀?̃?
𝑖𝑛) used for the definition of 
compression hardening data [3.12] 
The data for SFRC material model can be defined based on the model characteristic 
which was described in Section 2.3.2.2 of Chapter 2. The cracking strain (which can 
also be defined as plastic strain) can be obtained by deducting the elastic strain 
corresponding to the undamaged material from the total strain (𝜀?̃?
𝑐𝑘 = 𝜀𝑡 − 𝜀0𝑡
𝑒𝑙).  
3.3.1.4 Concrete model selection 
Based on the calibration work, these conclusions for the concrete model are made. 
 The Smeared Cracking model was not applicable to present work as it can only 
be employed for analysing cases of static monotonic loading at low confining 
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pressures only (the present study includes investigations of SFRC behaviour 
under high-rate loading).  
 The Brittle Cracking model is reasonably accurate since the crack initiation and 
propagation in concrete structural elements is affected by the tensile 
characteristics of concrete. For 3D modelling, and also as NLFEA considers the 
behaviour of brittle elements like concrete under flexure, at least one principle 
stress should be tensile to trigger the crack, this characteristic is well captured by 
Brittle Cracking model. Even though the model assumes the elastic behaviour in 
compression for efficiency, but it does not affect the accuracy of the results, 
since the results are in good agreement with the experimental results. In 
addition, Brittle Cracking considers two features of concrete which are very 
important and they are brittleness and cracking. This characteristic of Brittle 
Cracking model lead to more accurate structural response of concrete elements.  
 There are too many factors which should be specified in the case of the 
Damaged Plasticity model, which is a disadvantage of this model. Each of these 
parameters needs to be calibrated carefully. Employing the model simply by 
using the default values can lead to unrealistic predictions. The calibration of 
this model is time consuming and requires relevant valid test data. 
Based on the calibration studies, the Brittle Cracking model is adopted to investigate the 
response of SFRC structural elements under impact loading. It is noted however that the 
Damaged Plasticity model can provide more accurate predictions when modelling 
concrete beams under static loading conditions. Both the Brittle Cracking model and the 
Damaged Plasticity model are employed for predicting structural response under impact 
loading for comparative purposes. 
3.3.2 Steel model  
The behaviour of the steel reinforcement bars under uniaxial compression and tension is 
described through the use of the metal plasticity model. Isotropic hardening was 
employed to model steel behaviour as plastic straining occurs, yield stress increases (or 
decreases) uniformly in all stress directions [3.15]. 
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Steel reinforcement bars are modelled using 2-node linear 3D truss which are embedded 
in the finite element mesh of the 8-node linear brick elements representing the concrete 
medium.  
3.4 Analysis procedure 
3.4.1 Analysis modules 
ABAQUS employs two analysis modules as standard and explicit. ABAQUS/standard 
is applicable to solve linear and non-linear problems that include static and dynamic 
analysis. ABAQUS/Explicit is used for carrying out dynamic and quasi-static analysis, 
and requires less computational resources compared to implicit procedure [3.12].  
ABAQUS/Explicit uses two routines to solve structural problems namely the Riks and 
Explicit dynamic procedure.  Modified Riks method obtains nonlinear static equilibrium 
solution for unstable problems, where during periods of response, the load and/or 
displacement may decrease as the solution evolves. Modified Riks method assumes that 
the loading is proportional and the response is reasonably smooth. The solution is viewd 
as the discovery of a single equilibrium path in a space defined by the nodal variables 
and the loading parameter. The basic algorithm uses the Newton method, and at any 
time there is finite radius of convergence. In Modified Riks method, the increment size 
is limited by moving a given distance (determined by the standard, convergence rate-
dependent, automatic incrementation algorithm for static case in Abaqus/Standard) 
along the tangent line to the current solution and then searching for equilibrium in the 
plane that passes through the obtained line and that is orthogonal to the same tangent 
line [3.15]. Dynamic explicit can perform a large number of small time increments 
efficiently in which every increment is inexpensive as the explicit central difference 
time integration rule is utilized that has no solution for set of simultaneous equations. 
Small increments allow the solution to proceed without iteration and without requiring 
tangent stiffness matrices to be formed. Also it is crucial to define amplitude references 
for boundary conditions and loads applied during a dynamic response step [3.12].  
Explicit dynamic procedure is adopted for Brittle Cracking and Damaged Plasticity 
concrete models for impact loading.  
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3.4.2 Model definition 
The 3D model is adopted for analysis of SFRC specimen at material and structural 
level. A mesh sensitivity analysis was carried out in order to choose the best mesh size 
which gives the best results compared to the structural response. The results obtained 
from ABAQUS analysis were likely to be mesh dependent (with a fine mesh results in a 
narrower crack width). So, the calibration work carried out against experimental work is 
crucial in order to get the best mesh size to get the most accurate results. 
In order to avoid the pre-mature failure because of the localized stress concentration and 
to model the actual experimental arrangements, steel plates were also modelled at the 
support and the loading area. The Poisson’s ratio value for concrete and steel was taken 
as 0.15 and 0.3, respectively. For the quasi-static case, the load is applied as 
displacement based model (DBM) to minimise convergence problem, and for the impact 
test, the load is applied by modelling a striker hitting the beam with the same impact 
velocity as experimental tests. In order to allow for the shear stiffness degradation due 
to crack propagation, the shear modulus was reduced in a linear manner from full shear 
retention (i.e. 𝜌𝑐𝑙𝑜𝑠𝑒 = 1.0, see Figure 3.4) at the cracking strain by 10% (i.e. to 𝜌𝑐𝑙𝑜𝑠𝑒 =
0.1) at the ultimate tensile strain.   
3.4.3 Failure criterion 
ABAQUS uses failure criterion regarding every model (based on Smeared Cracking, 
Brittle Cracking and Damaged Plasticity). Kinetic energy is considered as an additional 
failure criterion. A sudden high jump in kinetic energy shows the excessive and sudden 
movements of structure which indicates the presence of extensive/wide cracks with 
weaken integrity. This was then confirmed by checking the deformed shape and 
cracking pattern of structure.  
3.4.4 Modelling of the contribution of steel fibres to concrete behaviour  
The introduction of fibres into the concrete mix can enhance both the concrete material 
behaviour (predominantly in tension) and RC structural response. More specifically 
fibres contribute ductile characteristics to an otherwise brittle plain concrete material 
(by offering better control over the cracking process concrete undergoes) resulting in an 
increase in its capacity to absorb energy [3.9], [3.20]–[3.22]. The latter is of significance 
to structures under impact loads.  To date, many experimental investigations have been 
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conducted in order to study the effect of fibres on structural concrete material behaviour 
[3.6], [3.23]–[3.25]. The vast majority of these tests have been carried out on prisms and 
cylinders subjected to compression, direct and indirect tension and flexure. Such studies 
aim at assessing the effect of fibres on:  
 important aspects of concrete material behaviour such as compressive strength 
fc, tensile strength ft, the elasticity modulus Ec, and the stress-strain curve under 
uniaxial compression or tension after cracking, and 
 the cracking process that fibrous concrete undergoes, which is dependent on the 
fibre content, the bond strength and pull out behaviour of fibres bridging a crack 
as the crack becomes wider with increasing levels of applied loading.  
The performance of SFRC is influenced by a number of parameters associated with the 
fibres such as shape, length, aspect ratio, and volume fraction and the concrete mix 
[3.6], [3.23]–[3.25]. The effect of fibres on concrete material behaviour in tension can 
be mainly observed after the onset of cracking as they induce ductile characteristics to 
the post cracking behaviour of SFRC compared to the fully brittle behaviour exhibited 
by plain concrete [3.26]–[3.28]. Depending on the type and amount of fibres used, the 
post cracking behaviour may be described as strain-softening or strain-hardening. The 
residual strength of SFRC is the result of steel fibres bridging the cracks and the bond 
between the fibre and the surrounding concrete. The addition of steel fibres at small 
dosages to the concrete mix results in a softening post-cracking response, whilst the 
provision of higher fibre contents leads to a hardening behaviour as the fibres undertake 
the tensile forces which are acting normal to the plane of crack and will cause the 
increase in residual tensile strength (the tensile strength of concrete itself is unaffected 
as fibres act only after onset of cracking by bridging the cracks). In the latter hardening-
response case, failure eventually occurs to pull-out of the fibres and the development of 
finer and more distributed multiple cracks as opposed to the single crack associated with 
softening behaviour. In the present study, the material constitutive model proposed by 
Lok and Xiao (1999) [3.2] was adopted in order to define the post-cracking tensile 
stress-strain relationship for SFRC. Several other models were considered in previous 
studies by the authors [3.9], [3.20]–[3.22], [3.29] and it was found that this is most 
suitable model as it allowed for different fibre aspect ratios and bond characteristics.  
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3.4.5 Non-linear solution strategy  
During each time step the equation of motion governing the non-linear dynamic impact 
problem considered is solved as a sequence of static equilibrium problems through the 
use of the Newmark family of approximation methods [3.27]–[3.29]. For the body to be 
in static equilibrium, the net forces acting at every node must be zero. In other words, 
the internal and external forces must balance each other [3.15]. At the beginning of each 
iteration and based on the values of displacement, velocity and acceleration obtained 
from the previous iteration, the effective stiffness and load matrix are calculated and an 
static equilibrium problem is formulated [3.24]. The static equilibrium problem is 
solved through an iterative procedure based on a modified Newton-Raphson method 
[3.26], [3.28], [3.30]. During the solution process of the equivalent static problem, every 
Gauss point is checked to determine whether loading or unloading takes place and to 
establish whether any new cracks form or older ones close. Depending on the results of 
the previous checks, changes are introduced to the stress-strain matrices of the 
individual FE’s and to the stiffness matrix of the structure. Convergence is checked 
locally at each Gauss point, this involves the use of the constitutive relations for the 
calculation of the stresses increments which correspond to the estimated values of the 
strain increments. Once the values of the strain and the corresponding stress increments 
become less than a small predefined value (i.e. convergence criterion) then convergence 
is accomplished. When this is not achieved, the residual forces are calculated and are 
then re-imposed onto the FE model of the RC form investigated until convergence is 
finally achieved.  
3.4.5.1 Equilibrium Iterations and Convergence in ABAQUS/Standard 
The nonlinera response of a structure to a small load increment, ΔP, is shown in 
Figure 3.10. ABAQUS/Standard uses the structure’s initial stiffness, K0, which is 
based on its configuration at initial displacement, u0, and ΔP to calculate a 
displacement correction, ca, for the structure. By using ca, the structure’s 
configuration is updated to ua. Ia and P are initial internal and external forces, 
respectively [3.15].    
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Figure 3.10- First iteration in an increment [3.15] 
ABAQUS/Standard forms a new stiffness, Ka, for the structure, based on its updated 
configuration, ua. It also calculated Ia, in this configuration. Ra, the force residual 
for the iteration is the difference between the total applied load, P, and Ia, as: 
Ra = P - Ia 
If Ra is zero at every degree of freedom, point a (see Figure 3.10) would lie on the 
load-deflection curve, and the structure would be in equilibrium. In nonlinear 
problems, it is impossible to have Ra eqal zero, so ABAQUS/Standard compares it 
to a tolerance value. İf Ra is less than this force residual, then ABAQUS/Standard 
accepts the structure’s updated configuration as the equilibrium solution. By 
default, this value is set to 0.5% of an average force in the structure, averaged over 
time. ABAQUS/Standard automatically calculates this spatially and time-averaged 
force throughout the simulation [3.15].  
If Ra is less than the tolerance value, P and Ia are in equilibrium, and ua is a valid 
equilibrium configuration for the structure under the applied load. Before 
accepting the solution, ABAQUS/Standard also checks the displacement correction, 
ca, is small relative to the total incremental displacement, Δua = ua - u0, which 
should be less than 1% of the incremental displacement, if not ABAQUS/Standard 
performs another iteration. Both convergence checks must be satisfied before a 
solution is said to have converged for that load increment. If the solution from an 
iteration is not converged, ABAQUS/Standard performs another iteration to try to 
bring external and internal forces into balance. This second iteration uses the 
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stiffness, Ka, calculated at the end of the previous iteration together with Ra to 
determine another displacement correction, cb, that brings the system closer to 
equilibrium (see Figure3.11) [3.15]. 
 
Figure 3.11- Second iteration [3.15] 
ABAQUS/Standard calculates a new force residual, Rb, using the internal forces 
from the structure’s new configuration, ub. Again, Rb is compared against the force 
residual tolerance, and the displacement correction of the second iteration, cb. If 
necessary, ABAQUS/Standard performs further iterations [3.15].  
3.4.6 Modelling of cracking 
The cracking process that concrete undergoes is modelled through the use of the 
smeared crack approach [3.26], [3.28], [3.30]. A crack is considered to form when the 
predicted stress in a given part of the structure corresponds to a point in the principal 
stress space that lies outside the surface defining the failure criterion for concrete, thus 
resulting in localised failure of the material. The plane of the crack is assumed normal to 
the direction in which the smallest principal stress acts (smallest compressive or largest 
tensile stress). A simple Rankine failure criterion is used to detect crack initiation (i.e. a 
crack forms when the maximum principal tensile stress exceeds the specified tensile 
strength of concrete). Constitutive calculations are performed independently at each 
integration point of the finite element model. The presence of cracks enters into these 
calculations by the way in which the cracks affect the stress and material stiffness 
associated with the integration point. After crack formation, the residual shear stiffness 
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along the plane of the crack is determined through the use of a shear retention factor. Its 
value is affected by the presence of the fibres bridging the two sides of the crack. The 
shear stiffness is considered to decrease as cracks widen. Therefore, in order to allow 
for degradation in shear stiffness due to crack propagation, the shear modulus is reduced 
linearly form full shear retention (i.e. no degradation) at the cracking strain to 10% of 
that at the ultimate tensile strain. It is worth noting that the shear retention does not 
diminish altogether due to the presence of the fibres which enhance dowel action as well 
as aggregate interlock by reducing crack opening. Crucially, the fibres contribute to 
shear resistance by providing tensile resistance (across the crack) to the shear induced 
diagonal tension stresses.   
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Chapter 4:  Fabrication of SFRC Specimens and Presentation of 
Experimental Setup  
4.1  Introduction 
As discussed in the previous chapter, available test data is characterised by a large 
scatter due to a wide range of parameters associated with the experimental setup and the 
design of the specimen considered which differ from test to test [4.1], [4.2]. 
Furthermore, the available test data obtained from impact tests is often restricted to 
measurements of the contact force (generated in the impact region), the corresponding 
mid-span deflections and the reaction forces (developing at the supports), as well as 
observations of the specimen crack-patterns exhibited after the impact load is applied. 
Such data are insufficient for studying in detail the mechanics underlying structural 
behaviour under impact loading as information concerning the variation of the 
deformation profile and cracking process exhibited throughout the loading process is 
often not captured during testing. Based on the above, a well-instrumented testing 
procedure is needed in order to provide test data capable of describing in detail the 
behaviour of SFRC elements under impact and static loading throughout the loading 
process at both material and structural levels. The present chapter documents in detail 
the preparation process employed for the fabrication of the SFRC specimens (which 
includes casting and curing), the experimental setup employed and the instrumentation 
used as well as the test procedure adopted.  
4.2  Overview of the Experimental Program 
Three different sizes of beam specimens were casted with different fibre contents. 
Cylinders with a 150mm diameter and a 300mm height as well as cubes with a side of a 
100mm and 150mm dimensions were also cast for different batches. 
In Table 4.1 to 4.3 the characteristics of all beam samples with different concrete grade, 
fibre type and content are presented. These characteristics include the compressive 
strength of 100mm3 and 150mm3 cubes and cylinders.   
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fcu 100mm3 
cube 
41.10 32.59 52.85 39.69 31.41 - 32.35 31.86 - 
fcu 150mm3 
cube 
- - - - 35.30 51.37 38.95 36.27 47.97 
f'c - 22.04 40.73 21.99 26.79 36.78 30.13 34.30 48.10 
Table 4.1- 100mm3, 150mm3 and cylinder compressive strength of 150×150×600mm3 beams with 
different fibre type, content and concrete grade 
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fcu 100mm3 
cube 
23.3
4 
31.6
8 
38.5
6 
26.6
5 
- 
32.6
8 
- - 
29.5
9 
26.7
9 
44.5
9 
44.5
9 
fcu 150mm3 
cube 
31.4
0 
38.9
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- 
33.6
9 
32.1
0 
41.3
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30.6
4 
30.6
4 
30.6
5 
29.3
1 
47.1
9 
47.1
9 
f'c -  
23.6
2 
- 
22.5
5 
- 
31.9
5 
- - 
23.9
6 
27.5
6 
- - 
Table 4.2- 100mm3, 150mm3 and cylinder compressive strength of 150×150×1500mm3 beams with 
different fibre type and content  
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fcu 100mm3 
cube 
32.0
0 
22.9
0 
18.9
2 
- - - - - 
26.78
5 
33.1
3 
33.1
3 
fcu 150mm3 
cube 
- 
29.8
1 
27.5
3 
38.5
3 
38.5
3 
26.5
2 
21.8
7 
21.8
7 
29.31 
39.7
3 
39.7
3 
f'c - 
22.6
4 
-  - - 
20.7
6 
- - 27.56 - - 
Table 4.3- 100mm3, 150mm3 and cylinder compressive strength of 150×300×1000mm3 beams with 
different fibre type and content  
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4.3  Fibres Properties 
Two types of hooked-end steel fibres were introduced into the concrete mix, Dramix 
3D and 5D (see Figure 4.1). The use of 3D fibres are recommended for flooring, 
tunnelling, precast and residential applications [4.3]. 5D fibres are characterised by 
higher anchorage strength and L/D ratios, they are used in foundation slabs, structural 
rafts, suspended structures, structural precast elements and structural floors (e.g. floors 
on pipes) [4.3]. The fibres were introduced into the wet concrete mixture gradually to 
ensure an even distribution throughout the mix. The fibre properties were obtained 
though contact with Dramix[4.3] and are summarised in Table 4.4.       
  
Figure 4.1- 3D and 5D fibres [4.3] 
 
 
Fibre Properties 
Fibre type 3D 5D 
Tensile strength (N/mm2) 1.115 2.3 
Ef  (N/mm2) 210 210 
lf (mm) 50 60 
df (mm) 1.05 0.9 
lf /df 45 65 
Table 4.4- Fibre properties [4.3] 
4.4  Fabrication of the SFRC Specimens 
The concrete used for casting the concrete specimens was characterised by a 
compressive strength of 30 or 60MPa. The concrete mix used is provided in Table 4.5 
(for the production of 45 litres if concrete). The raw materials were weighed using a 
digital scale with an accuracy of  0.001kg. The materials were first introduced into a 
large mixer and the steel fibres were gradually introduced to insure a uniform 
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distribution.  Water was gradually added into the concrete mix and a slump test was 
preformed to determine the workability of the concrete. Slump test was carried in 
accordance to EN 12350-2:1999.  
Mix 
Volume 
(litre) 
Coarse aggregate 
(kg) 
Fine aggregate 
(kg) 
OPC 
(kg) 
Water 
(litre) 
fcu 
(MPa) 
Type 
1 
45 49 35 14 9.1 25-30 
Type 
2 
45 53.3 26.67 20 9 45-50 
Table 4.5- Concrete mixture for grade 30 and 60 
All cubes and cylinders were casted in steel molds and put on a vibrating table to 
remove any air-bubbles trapped in the concrete. Timber formwork was used for casting 
the beam specimens. For the latter specimens a vibrating rod was used to remove any air 
bubbles.  After casting, the samples were allowed to set for at least 24 hours and were 
then removed from the molds. The casting of the samples was done at least 28 days 
before testing in accordance to BS EN 12390-2:2009. It was observed that as the fibre 
content increased, the workability of the concrete mix decreased. As a consequence 
casting the specimens was more difficult as the fibre content increased. A true slump 
was harder to achieve as the fibre content increased.  
  
Figure 4.2- Slump test and mixing batch of SFRC 
4.5  Instrumentation 
As mentioned before, one of the main reasons to carry test programs is to address the 
lack of sufficient experimental data in the literature. Therefore, the specimens tested 
were instrumented to measure the displacements and strains at certain points along the 
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element span, the applied load, reaction forces generated at the supports. The following 
sections provide the detailed arrangement and specifications of the sensors used, the 
data acquisition system and the high speed camera.  
4.5.1 Steel Framework for Impact Rig 
The framework for the impact rig was available at Heriot-Watt University structures 
laboratory. Solid steel beams have been used in constructing the framework that 
supports the specimen and a truss which supported a guide rail for delivering the drop 
weight from a predefined height onto the specimen (see Figure 4.3). The frame was 
bolted to the concrete slab beneath the rig.  
 
Figure 4.3- Experimental setup used for conducting drop weight testing 
4.5.2 Loading System for Impact Load 
The loading system includes an electronic winch, a steel mass (drop weight), and a load 
cell. Steel plates were used on the loading point and in the support to minimise the 
development of localised damage. The electronic winch was used to release the drop 
weight from a predefined height to a specific region of the beam. The winch was 
connected to the steel mass (drop-weight) from the top and the steel mass was 
connected from the bottom to a dynamic load cell. The total load of the steel mass was 
47kg for testing beams without conventional reinforcement under impact and 124kg for 
the beams with conventional reinforcement (see Figure 4.7) 
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4.5.3 LVDTs  
Linear Variable Differential Transducers (LVDTs) were mounted at different locations 
along the element span to measure displacements. The LVDTs used were type No 
ACT3000C with a range of ±75mm. More information about the used LVDTs can be 
found online at http://www.rdpe.com/uk/act.htm  
4.5.4 Strain Gauges 
Strain gauges used to measure the strain for the specimens on the top and side of the 
cross-section of the beams. One of the strain gauges was mounted on the top 
(compressive) surface of the beam at a distance of 135 mm off the mid-span, and the 
strain gauge on the back with the distance of 25mm from the top. The used strain 
gauges were TML type PL-60-11 with a 60mm gauge length, manufactured by Tokyo 
Sokki Kenkyujo Co. Ltd. The surface at the locations of the gauges were levelled with 
sand paper and cleaned using alkaline and acid chemicals, and the gauges were glued 
longitudinally using the glue provided by the manufacturer. Figure 4.4 shows a photo of 
a glued strain gauge to the specimen. 
  
 
Figure 4.4- Strain gauge glued on specimen 
 
 
         
 
85 
 
4.5.5 Load Cells 
Three load cells were used for this research and had 20, 60 and 200 tonnes maximum 
impact load generated during the collision of the impactor with the specimen as well as 
the reaction forces generated at the supports. All load-cells were calibrated before the 
impact tests. Steel plates were used between the load cells and the specimens. Load cells 
were used on the right hand side support of the beam. Another load-cell was attached at 
the bottom of the impactor.  
4.5.6 Supports 
The specimens were tested as simply supported beams. At the right support, a load cell 
was placed under the specimens to measure the reaction force generated throughout the 
drop-weight test. To avoid, localised damage, steel plates were used in the both 
supports. The supports were designed to allow some rotation and horizontal 
displacement while effectively restricting uplift through the use of two vertical steel ties 
(see Figure 4.5). 
 
  Figure 4.5- Arrangement of the supports 
4.5.7 Data Acquisition System 
A digital data acquisition system was used to record data from the load cells, LVDTs, 
and strain gauges (Micro Analog2-FE-MM40 data acquisition system made by Fylde 
Electronic Laboratories Ltd). A sampling frequency rate of 35.7KHz was used for each 
channel. A trigger connected to the impactor initiated the data acquisition system to get 
the data one second prior to the impactor coming into the contact with the specimens till 
the end of the experiment.  
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4.5.8 High Speed Digital (HSD) Camera 
A HSD camera has been used to record and observe the various aspects of specimens’ 
behaviour throughout the test. The vertical and horizontal displacement of specific 
points (which were marked as dots on the beam) could be observed along the span of 
the beam. In addition, the moving of loading system, cracking process, and failure mode 
could be also observed. The HSD camera was set to capture 4000 frames per second 
(fps) through the drop-weight test. A trigger was connected to the camera to initiate it 
approximately half a second prior to the impact. After triggering, the camera recorded 
the frames for three seconds. In order to digitize the photographic evidence, appropriate 
contrast between the dots and surface of the specimens was required, so the surface of 
the beams facing the HSD camera was painted white, while the grid of black dots were 
marked with 50mm spacing (see Figure 4.6). These dots provide a clear target to track 
the vertical and horizontal movement of sample through the test.   
The instruments used and their specifications, the data acquisition system and the high 
speed camera are all shown in Figure 4.7. 
 
Figure 4.6- Arrangement of dots used for monitoring purposes on the surface specimens 
 
 
 
 
 
 
 
 
 
 
Figure 4.7- Overview of impact test’s instrumentation 
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Chapter 5: Establishing experimentally SFRC material behaviour 
5.1 General  
The work presented in this chapter presents test data obtained from a series of test 
carried out on SFRC and plain concrete specimens (with no conventional 
reinforcement) in order to study the effect of different type of steel fibres (3D and 5D 
Dramix fibres) and different values of fibre contents on concrete material behaviour 
under uniaxial compression, tension and flexure. The specimens considered in this 
chapter represent concrete material units from which average material properties can be 
determined. Four types of experiments are considered in this chapter:  
 PUNDIT test on SFRC and plain concrete cubes to assess the uniformity and 
strength of concrete; 
 SFRC and plain concrete cubes subjected to uniaxial compression test for 
assessing uniaxial compressive strength under static loading and for checking 
the consistency of the concrete produced;  
 SFRC and plain concrete cylinders subjected to uniaxial compression for 
determining the stress-strain curve describing material behaviour under uniaxial 
compression as well as key material properties and  
 SFRC and plain concrete prisms (notched beams) subjected to 3 point bending 
test with the load being applied at different loading rates, the list of these 
specimens with related cube and cylinder compressive strength is shown in 
Table 4.1 in chapter 4.     
5.2 PUNDIT Testing 
The PUNDIT (Portable Ultrasonic Non-destructive Digital Indicating Tester) is used to 
measure the speed with which a wave propagates through the concrete medium. The 
wave is generated by an emitter attached to the concrete surface and travels through the 
concrete medium in order to reach a receiver located at a certain predefined distance. 
Dividing this distance with the time required for the wave to travel through concrete 
from the transmitter to the receiver allows the velocity of the wave to be calculated. 
Based on the value of the velocity it is possible to (i) assess the uniformity of concrete 
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within a structural member, (ii) locate voids and cracks, (iii) to assess deterioration of 
concrete, and (iv) the strength or modulus of elasticity of the material considered. 
The pulse velocity depends on the density and the elastic properties of the material 
tested and is related to the quality and the strength of the material. It is therefore 
possible to obtain information about the properties of structural components. In order to 
associate the values of speed with the strength of concrete, the PUNDIT tests are carried 
out on the concrete cubes and cylinders before being tested under uniaxial compression. 
In this case the transmitter and receiver of the PUNDIT are positioned on the two 
opposite sides of cube or cylinders and prisms. A suitable lubricant (grease) was used in 
the contact surfaces (between the transmitter or the receiver and the concrete) to ensure 
an efficient seal. A calibration reference bar of known characteristic was used to ensure 
of the apparatus accuracy before starting the test (see Figure 5.1). The average values 
for pundit tests for 100mm3 cube are shown in Table 5.1 and Figure 5.2. The results 
show that the velocity of the transferred pulse increases by increase of fibre content. 
This is due to the steel fibres in concrete mixture as steel is the better conveyor of 
ultrasonic pulse than concrete.  
  
              (a)                                                                                (b) 
Figure 5.1- Pundit test apparatus (a) indicator, (b) transducer, receiver and calibration reference bar 
 
FibreType 3D 5D 
Fibre dosage 0.0 0.5 1.0 1.5 1.0 
pundit result (km/s) 24.00 26.75 30.00 29.70 28.39 
Table 5.1- PUNDIT test results of 100mm3 cubes  
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Figure 5.2- The trend of PUNDIT test results for different 100mm3 cubes  
5.3 Compressive testing of cubes 
The compressive tests were conducted using a hydraulic testing apparatus which was 
able to record the maximum loading undertaken by the specimens prior to failure (see 
Figure 5.3). Each concrete sample (cube) was subjected to compressive loading applied 
monotonically until the specimen attained its peak load. The loading process was 
repeated for each specimen 4 consecutive times in an attempt to assess the ability of the 
fibres to resist the cracking process that the specimens undergo. The load in these tests 
was applied in the form of force increments at a constant rate. The average values for 
compressive strength obtained for the case of the cubes are shown in Chapter 4, Tables 
4.1 to 4.3.  
 
Figure 5.3- hydraulic press used for 100mm3 and 150 mm3 cubes 
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5.4 Cylinder compressive set up and results  
During casting, a number of cylinders (150mm in diameter and 300mm in height) were 
prepared form each batch of concrete and were used to study the behaviour of SFRC 
under uniaxial compression. All specimens were tested more than 28 days after casting. 
The top face of each specimen was initially capped with plaster and then smoothened 
using sand-paper to ensure that (i) the compressive force imposed during testing was 
applied normal to the loading face and (ii) the stresses developing normal to the 
interface Losenhausen was used to test the cylinder under uniaxial compression which 
has a capacity of 2000kN. The cylinders were supported on the bottom face on a stiff 
solid base and the compressive load was applied monotonically on their top face in the 
form of displacement increments at a constant rate of 0.005mm/s.  
During testing, the load was recorded through the use of a load-cell incorporated into 
the testing machine. Axial and transverse displacements were measured by a number of 
LVDTs which were supported on an assembly of three aluminium rings as shown in 
Figure 5.4(a). As the middle ring was held at the mid-height of the cylinder, the top and 
bottom aluminium rings were fastened on the cylinders. A vertical LVDT was placed 
between these rings and measured the vertical relative displacement between them.  The 
middle ring was used for supporting two LVDTs located on either side of the specimen 
cross-section in order to measure the transverse deformation exhibited by the cylinder at 
mid-height (the corresponding strain is calculated by dividing the displacement with the 
diameter of the circular cross-section of the cylinder). The test setup of the cylindrical 
specimens is shown Figure 5.4(b). 
 
 
         
 
92 
 
 
(a) 
 
(b) 
Figure 5.4- (a) Arrangement of LVDTs for cylinders, (b) Test setup for compression test on cylinders 
The results obtained from the compressive tests carried out on the cylinders are plotted 
in the form of curves expressing the variation of the axial stress (equal to the imposed 
force divided by the cross-sectional area of the specimen) with the values of the axial 
and transverse strains mentioned earlier. Positive values denote axial strains whereas 
negative values are associated with transverse strains. The stress-strain curves obtained 
from for each specimen containing a specific fibre content are presented in Figure 5.5, 
and all the values of the compressive strengths for each cylinder tested accompanied by 
the corresponding values of vertical and transverse strain are presented in Table 5.2.  
For the case of the cylinders made from the concrete mix which are designed to achieve 
an average compressive cube strength of fcu=25-30MPa, the values of peak stress 
measured range between 20-40MPa. For the case of the cylinders made from the 
concrete mix designed to achieve an average compressive cube strength of fcu=45-
50MPa, the values of peak stress measured range between 35-50MPa (see Figure 5.5(a 
& b)).  
The application of the uniaxial compressive load onto the plain concrete and SFRC 
cylindrical specimens results in the development of an internal complex stress field. The 
complexity of the stress field is due to the non-homogeneous nature of the material and 
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the existence of micro-cracks and voids within its medium. At the tips of the micro-
cracks, high concentrations of tensile stresses form and, once the tensile ultimate 
strength of concrete is reached, the cracks extend in the direction of the maximum 
principal stress. This extension offers relief, as it is followed by a decrease of the value 
of the tensile stresses acting at the tips of the crack. The extension of the cracks 
continues as the applied load increases until, at some stage, the edges of the microcracks 
meet and larger vertical cracks (macro-cracks) begin to form at the mid-height region of 
the specimen. During the final stages of the experiment (prior to failure) the vertical 
cracks quickly extending towards the edges of the specimen leading to a loss of load 
carrying capacity (failure). At the same time an increase in lateral strain is also 
observed. This lateral deformation is exhibited in the mid-height region of the specimen. 
It is important to note that in the case of plain concrete, the lateral deformation and 
cracking appears to increase at a much higher rate than in the case of SFRC leading to a 
more sudden (abrupt) brittle mode of failure. 
It is important to note that for the case of plain concrete specimen the descending 
branch has been shown to be the result of interaction between specimen and testing 
device. This interaction, which occurs at the interface between the specimen and the 
steel platens used to apply the load, is due to the different material properties of 
concrete and steel, and is caused by the development of frictional forces. The effect of 
these frictional forces on the stress–strain curves has been investigated experimentally 
by using different techniques in an attempt to minimize such friction [5.1].  
The addition of steel fibre into the concrete mix increases the strain corresponding to the 
peak stress as well as the ultimate strain (see Figure 5.5). Both ascending and 
descending portions of the stress-strain curves are affected by the addition of steel 
fibres. The more significant effect is observed in the case of the descending branch of 
the stress-strain curves as the rate of descent decreases with increasing values of fibre 
content. At the same time the rate at which the lateral strain increases before and after 
peak load is attained is lower than in the case of the plain concrete cylinders. The above 
are attributed to the ability of the fibres to more effectively resist the cracking process 
that the specimen undergo when made from concrete mixes with higher fibre contents.  
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(a) 
 
(b) 
Figure 5.5- Vertical and transverse strain-stress curves obtained by testing cylinders under compression 
for specimens containing different fibre content made from the concrete mix with compressive cube 
strength of (a) fcu=25-30MPa and (b) fcu=45-50MPa 
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fibre type Vf Specimen name f'c 
vertical 
strain at f'c 
transverse 
strain at f'c 
f'cm SDEV f'c Toughness 
- 0% 
0%-Cyl1 23.62 0.0029 0.0025 
23.13 0.49 
0.13 
0%-Cyl2 22.64 0.0056 0.0021 0.13 
0%-Cyl3 40.73 0.0072 0.005 40.73 - 0.35 
 
 
3D 
0.50% 
3D0.5%-Cyl1 18.95 0.0083 0.0133 
21.98 3.04 
0.23 
3D0.5%-Cyl2 25.02 0.0086 0.006 0.25 
1% 
3D1%-Cyl1 27.76 0.0066 0.0053 
24.88 3.87 
0.34 
3D1%-Cyl2 23.46 0.0045 0.0052 0.28 
3D1%-Cyl3 21.64 0.006 0.0127 0.27 
3D1%-Cyl4 27.84 0.007 0.0052 0.32 
3D1%-Cyl5 21.65 0.0091 0.0074 0.22 
3D1%-Cyl6 31.95 0.0061 0.0048 0.28 
3D1%-Cyl7 19.86 0.006 0.0061 0.24 
3D1%-Cyl8 36.78 0.0119 0.0015 - - 0.42 
1.50% 
3D1.5%-Cyl1 29.52 0.0049 0.0064 
27.04 3.25 
0.32 
3D1.5%-Cyl2 25.28 0.0056 0.008 0.32 
3D1.5%-Cyl3 30.73 0.0091 0.0068 0.34 
3D1.5%-Cyl4 22.64 0.0123 0.0112 0.22 
5D 1% 
5D1%-Cyl1 31.71 0.0074 0.0051 
32.62 3.78 
0.41 
5D1%-Cyl2 33.04 0.0103 0.011 0.40 
5D1%-Cyl3 27.56 0.0067 0.0039 0.33 
5D1%-Cyl4 38.16 0.0128 0.0031 0.40 
5D1%-Cyl5 48.1 0.0130 0.0066 48.1 - 0.52 
Table 5.2- Test results of cylinder specimens 
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The area under the stress-strain curve can be considered as a measure of toughness. The 
strain limit is taken as 0.015 which is five times the ultimate concrete strain of 0.003 
which adopted in the ACI building code [5.2]. Adopting this approach, the values of 
toughness for specimens made with different fibre volume content and concrete 
compressive strength are calculated and shown in Table 5.2. The variation of the 
average value of toughness in relation to the fibre content is shown in Figure 5.7. Figure 
5.7 shows that the values of peak stress do not vary significantly for different amounts 
of fibre content, however, the increasing trend is observed in the level of average 
toughness calculated (see Figure 5.6) with increasing values of fibre content, fibre 
aspect ratio and concrete grade. This demonstrates yet again that the introduction of 
fibres into the concrete mix mainly affects the post-peak behaviour exhibited by the 
specimen.  
 
(a) 
 
(b) 
Figure 5.6- Variation of toughness for cylinders made from concrete mix with compressive cube strength 
of (a) fcu=25-30MPa and (b) fcu=45-50MPa  
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(a) 
 
(b) 
Figure 5.7- Variation of peak stress for different fibre content for cylinders made from concrete mix with 
compressive cube strength of (a) fcu=25-30MPa, and (b) fcu=45-50MPa  
Failure modes observed for all the specimens of this group were shear crack 
propagating from top to bottom of specimens. Extensive damage was observed at the 
mid-height of specimens. The fracture of specimens at different stages is shown in 
Figure 5.8. 
Adding fibres to concrete mix resulted in arresting cracks and delay the failure, and 
cause more number of finer cracks to be formed on cylinder specimen before the final 
failure.  Despite the fibres being significantly deformed as the specimens were opened 
after failure, no fracture of fibres was observed. 
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(a) 
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(c) 
   
(d) 
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(e) 
Figure 5.8- Failure modes of cylinders (a) 0%-Cyl2, (b) 3D0.5%-Cyl2, (c) 3D1%-Cyl4, (d) 3D1.5%-
Cyl3, and (e) 5D1%-Cyl1 
5.5 SFRC notched beams subjected to flexural testing 
5.5.1 Specimen Characteristics 
As discussed earlier, a series of notched beams with different fibre contents (and no 
conventional reinforcement) were cast and tested under static and impact loading in 
order to investigate the effect of steel fibres on the material behaviour of SFRC in 
tension. For easier reference, the beams are named based on the type of fibres used and 
the fibre content. Figure 5.9 explains the convention adopted for naming each specimen. 
The names of the beams can have maximum four parts. The first part refers to the length 
of the beam (m) and type of the test (static or dynamic) conducted. If the beam 
specimen includes fibres, the second part refers to the type and content of the fibres. 
When subjected to dynamic (impact) testing, the third part refers to height from which 
the impactor is allowed to drop. Finally, the last part shows the number of the 
consecutive impact imposed onto the specimen.  
 
         
 
101 
 
 
Figure 5.9- Naming convention for beams 
The notched beams have a cross-section of 150mm×150mm, a full length of 600mm, 
and clear span (distance between supports) of 400mm. A 25mm notch was created in 
the underside of the specimen (in tensile region) at mid-span. This was done in order to 
develop a week zone that would allow the development of a single crack along the 
height of the specimen cross-section to allow the more effective study of the ability of 
the fibres to resist the cracking process that the specimen undergo during testing (see 
Figure 5.10). Table 5.3 provides a summary of the static and impact tests carried out on 
notched beams accompanied by the main parameters characterising the individual tests 
conducted.  
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Fibre 
type 
Vf fcu,100cube fcu,150cube 
Test 
type 
Test Name H (m) 
- 0% 
41.10 - Static 
0.6S1-0% N/A 
0.6S2-0% N/A 
32.59 - Impact 0.6D1-0% 0.5 
52.85 - 
Static 0.6S3-0% N/A 
Impact 0.6D2-0% 0.5 
3D 
0.5% 39.69 - 
Static 
0.6S1-3D0.5% N/A 
0.6S2-3D0.5% N/A 
Impact 
0.6D1-3D0.5% 0.5 
0.6D1-3D0.5% 0.5 
1.00% 
31.41 35.30 
Static 
0.6S1-3D1% N/A 
0.6S2-3D1% N/A 
Impact 
0.6D1-3D1% 0.5 
0.6SD2-3D1% 0.5 
- 51.37 
Static 0.6S3-3D1% N/A 
Impact 0.6D3-3D1% 0.5 
1.50% 32.35 38.95 
Static 
0.6S1-3D1.5% N/A 
0.6S2-3D1.5% N/A 
Impact 
0.6D1-3D1.5% 0.5 
0.6D2-3D1.5% 0.5 
5D 
1.00% 
31.86 36.27 
Static 
0.6S1-5D1% N/A 
0.6S2-5D1% N/A 
Impact 
0.6D1-5D1% 0.5 
 0.6D2-5D1% 0.5 
 
- 47.97 
Static 0.6S3-5D1% N/A 
 
Impact 
0.6D3-5D1% 0.5 
 0.6D4-5D1% 0.5 
Table 5.3- Experimental Programme of notched beams 
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Figure 5.10- Dimension and loading condition of SFRC beams  
The results obtained from the specimen mentioned above under static and impact 
loadings are shown in Table 5.4 and Table 5.5.   
5.5.2 Experimental setup employed to apply static loading   
The apparatus used to perform the static test was a vertical hydraulic press (shown in 
Figure 5.11). A point load is applied directly above the mid-span of the simply 
supported notched beam (see Figure 5.10). The supports were located 100mm away 
from the edges of the beam. The vertical deflection at mid-span, the crack width 
measured by Crack Mouth Opening Displacement (CMOD) and the loading imposed 
onto the beam were measured throughout each test. Small steel plates were mounted 
either side of the notch using adhesive which would allow the CMOD device to be 
attached onto the specimen (see Figure 5.12). The cracking process was recorded 
through the use of a camera. 
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Figure 5.11- Static beam setup 
 
 
Figure 5.12- CMOD placed between two small aluminium plates to measure crack opening 
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5.5.3 Experimental setup employed for drop-weight testing  
When subjected to drop-weight testing the specimens tested were instrumented to 
measure the displacements and strains at specific points along the span of the beam, the 
impact and reaction forces generated at the contact area (were the specimen collides 
with the specimen) and at the supports of the specimen respectively. A high speed 
camera was also used to complement the information obtained from the increments 
placed onto the specimens. The instruments used and their specifications, the data 
acquisition system and the high speed camera are all explained in section 4.4.  
The load cells used for measuring the impact and reaction forces had a capacity of 600 
and 200kN respectively. They were all calibrated before being used. Two 200kN load 
cells were located below the right support of the specimen whereas the 600kN load-cell 
was located underneath the striker used for conducting the impact tests (see Figure 
5.13).  
  
                                      (a)                                                                                      (b) 
Figure 5.13- Load cells used at (a) right support and (b) impactor 
The specimens were essentially supported as simply supported beam. The supports 
provided formed a pin in the left hand side and roller in the right side. At the right 
support, the load cell was placed under the specimens to measure the reaction force 
generated through the test. To avoid localised damage, steel plates were used in both 
supports. 130×100×6mm Steel plates were placed at the supports and 150×40×12mm 
steel plate was placed in the impact region (at the interface between the impactor and 
the beam). The supports were designed to allow some rotation and horizontal 
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displacement while effectively restricting uplift through the use of two vertical steel ties 
(see Figure 5.14). 
 
  Figure 5.14- Arrangement of the supports for impact test 
  
5.6 Notched beams subjected to static loading 
5.6.1 0% fibre content 
The results obtained from the tests conducted on the plain concrete specimen were used 
as a benchmark against which the measurements obtained from the SFRC specimens 
were compared to. Static 3-point bending tests were initially carried out on three 
notched beams containing no fibres (Vf =0%) (specimens 0.6S1-0%, 0.6S2-0%, 0.6S3-
0%). The compressive strength of concrete of the first two specimens was lower (fcm = 
41.10MPa) compared to that of the third specimen (fc = 52.85MPa); see Table 5.4. The 
experimentally established behaviour is presented in the form of the curves shown in 
Figure 5.15(a) describing the variation between the imposed force with (i) the mid-span 
deflection and (ii) the width of the notch (considered to represent the width of the crack 
forming over the notch). Specimens 0.6S1-0% and 0.6S2-0% exhibited similar 
behaviour characterised by an abrupt loss of load-carrying capacity after peak load was 
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attained (i.e. brittle failure). Specimen 0.6S3-0%, also exhibited similar behaviour to 
that of the previous specimens in spite having a higher value of fc.  
The curves describing the variation of applied load (i.e. the contact force generated in 
the impact region) with the width of the crack forming over the notch (see Figure 
5.15(a)) reveal that loss of load carrying capacity was exhibited immediately after crack 
formation. The value of crack-width appears to only slightly increase prior to peak load 
being attained. Immediately after peak load is attained the measured crack-width 
appears to increase rapidly.  
The photographic evidence in Figure 5.16(a-c) reveals that a single crack develops over 
the notch just before peak load is attained. At this time the tensile stresses developing at 
the bottom of the specimen cross-section reach the tensile strength of concrete resulting 
in localised failure and hence the development of a crack. The rapid extension of the 
crack towards the top of the specimen is associated with the post-peak (softening) 
behaviour of the specimen.  
5.6.2 0.5% fibre content 
The results obtained from specimens 0.6S1-3D0.5% and 0.6S2-3D0.5% (fcm 
=39.69MPa, Vf = 0.5%, 3D fibres) are presented in Figure 5.15(b). Each sample 
attained a peak load of around 15kN which, which was slightly less than that achieved 
by the plain concrete specimens (0.6S1-0% and 0.6S2-0%). The most noticeable 
difference between the plain concrete specimens (0.6S1-0% and 0.6S2-0%) and the 
SFRC beams (0.6S1-3D0.5% and 0.6S2-3D0.5%) is associated with the post-peak 
(post-cracking) behaviour. Examination of the experimentally established curves (see 
Figure 5.15(b)) describing the variation of the applied load with (ii) mid-span deflection 
and (ii) the crack-width reveal that for the case of the SFRC specimen the rate at which 
the load-carrying capacity reduces after peak load is attained is more gradual compared 
to the abrupt loss of load-carrying capacity exhibited in the case of the plain concrete 
specimen. Furthermore, examination of the specimen after testing reveals that the fibres 
exhibit a ‘pull-out’ mode of failure, an indication of their attempt to resist the cracking 
process. Comparing the results obtained for specimens 0.6S1-3D0.5% and 0.6S2-
3D0.5% (see Figure 5.15(b)) it can be observed that even though they were produced 
from the same concrete mix and adopted the same fabrication process there was a 
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significant degree of variability characterising their behaviour after peak load. This can 
be attributed to the non-uniform distribution of the steel fibres within the volume of the 
specimens. 
The photographic evidence in Figure 5.16(d & e) shows a crack forming above the 
notch when peak load is attained. This crack widens as the specimen continues to 
deform and gradually extend upwards towards the top face of the specimen. Post-
cracking behaviour is exhibited after peak load is attained and is described by the 
softening branch of the experimentally established load-deflection curves.  
5.6.3 3D1% fibre content  
The behaviour exhibited by specimens 0.6S1-3D1% and 0.6S- 3D1% (fcm =35.30MPa, 
Vf = 1%, 3D fibres) as well as specimens 0.6S3-3D1% (fcm=51.37MPa, Vf = 1%, 3D 
fibres) is described by the curves presented in Figure 5.15(c) describing the variation of 
the applied load with (i) mid-span deflection and (ii) the width of the notch 
(representing crack-width). Analysis of the test data reveals that specimen 0.6S1-3D1% 
and 0.6S2-3D1% attained a peak load of 14.3kN and 12.57kN respectively. The curves 
presented in Figure 5.15(c) for specimens 0.6S1-3D1% and 0.6S2-3D1% were similar 
(consistent) indicating that the fibres were well distributed within the volume of the 
concrete specimens. Close observation of the softening behaviour reveal that the 
reduction of load-carrying capacity after peak load is attained is more gradual compared 
to that recorded for the case of the specimens with Vf=0 or Vf =0.5%. Observing the 
curve describing the variation of the applied load in relation to the crack-width (see 
Figure 5.15(c)) it appears that the measured value of crack-width begins to increase 
after peak load is attained indicating that peak load is essentially linked with crack 
initiation.  
Specimen 0.6S3-3D1% (fcm =51.37 MPa, Vf = 1.0%, 3D fibres) achieved a peak load of 
21.91kN, which was considerably higher compared to that achieved by the previous 
specimens (characterised by lower values of fc). Interestingly, specimen 0.6S3-3D1.0% 
exhibited hardening behaviour after crack initiation. This hardening behaviour was 
followed by a softening behaviour once peak load was attained which is characterised 
by a more gradual loss of load-carrying capacity after peak load is attained. As it is 
observed in Figure 5.15(c), the yield strength is obtained at crack width 0.11mm which 
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is accompanied by hardening behaviour; this crack width is higher to the other two 
specimen characterized by lower values of fc which are 0.05 and 0.08mm, respectively.  
Close observation of the cracking patterns developing on specimens (see Figure 5.16(f 
& g)) reveals the formation of a cluster of fine cracks above the notch when peak load is 
attained. As the specimens further deform, the fine cracks gradually merge to form a 
single principal crack which propagates upwards (along the height of the specimen’s 
cross-section) towards the upper face of the notch beam. Once again fibres exhibited 
pull-out behaviour as they try to resist the cracking process exhibited (i.e. the extension 
and the widening of the crack). Interestingly, it is observed that after crack formation 
the load-carrying capacity of the specimens continues to increase until the ultimate load 
is attained at the crack width of 0.54, 2.14 and 3.11mm for specimens 0.6S1-3D1%, 
0.6S2-3D1%, and 0.6S3-3D1%, respectively. Beyond this point the load carrying 
capacity begins to gradually reduce with the cracks gradually merging to form a 
principal crack which extends towards the top face of the specimens.  
5.6.4 3D1.5% fibre content 
Specimens 0.6S1-3D1.5% and 0.6S2-3D1.5% (fcm =38.95MPa, Vf = 1.5%, 3D fibres) 
attained at peak load of 13.63kN and 14.93kN respectively. The curves presented in 
Figure 5.15(d) describing the variation of the applied load with (i) mid-span deflection 
and (ii) the width of the notch (representing the crack-width) reveal that both specimens 
exhibited similar behaviour. A comparison of the latter curves to those established for 
the case of previous specimens (characterised by similar values of fc) reveals a 
significant change in behaviour with increasing values of fibre content. More 
specifically, loss of load-carrying capacity after peak load is attained is more gradual 
with increasing values of Vf although no significant change in peak load is observed. A 
cluster of fine cracks (see Figure 5.16(i & j)) begun to form above the notch of both 
specimens when yield strength is attained at the crack width of 0.06 and 0.08mm, 
respectively. As the specimens further deformed, the fine cracks gradually merge to 
form a single principal crack which propagates upwards (along the height of the 
specimen’s cross-section) towards the upper face of the notch beam. Fibres exhibited 
pull-out behaviour. It is worth noting that adopting a fibre content of 1.5% reduces the 
workability of the concrete mixture causing problems when casting the specimens. 
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5.6.5 5D1% fibre content 
Specimens 0.6S1-5D1% and 0.6S2-5D1% (fcm =36.27MPa, Vf = 1.0%, 5D fibres) as 
well as specimens 0.6S3-5D1% (fcm=47.97MPa, Vf = 1%, 5D fibres) exhibited higher 
values of peak load, deflection and crack-widths comparing to the specimens with 3D 
fibres. Specimen 0.6S3-5D1% with higher compressive strength exhibited almost the 
same behaviour as specimens 0.6S1-5D1% and 0.6S2-5D1%, while there was a great 
difference between these two types of specimens for the previous considered cases. The 
curves presented in Figure 5.15(e) describing the variation of the applied load with (i) 
mid-span deflection and (ii) the width of the notch (representing the crack-width) reveal 
that both specimens exhibited similar behaviour. A comparison of the latter curves to 
those established for the case of previous specimens (with 3D fibres and similar values 
of fc and Vf) reveals a significant change in the exhibited behaviour. More specifically, 
specimens with 5D fibres exhibit hardening behaviour after crack initiation and higher 
values of peak-load followed by a softening behaviour once peak load was attained 
which is characterised by a more gradual loss of load-carrying capacity after peak load 
is attained when compared to that of the beams containing 3D fibres with Vf =1%. This 
reveals that 5D fibres are more efficient at resisting the cracking process (i.e. the 
extension and widening of the cracks) that the specimen undergo. This is also confirmed 
by the fact that larger values of crack widths are measured when using 5D fibres 
compared to the values recorded for rest of the specimen, which are 1.75 and 1.2mm, 
respectively for 0.6S1-5D1% and 0.6S2-5D1%, and 3.13mm for 0.6S3-5D1% (which is 
characterised by higher value of fc), when the peak load happens. The maximum crack 
width observed is 8mm for specimen containing 5D fibres, while this value is less for 
the specimens containing 3D fibres.  Observing the photos in Figure 5.16(k & l), it is 
apparent that the main crack over the notch is divided into several branches and 
different fine cracks which show the effect of fibres in preventing the main crack to 
open and cause a sudden failure of the beam.  
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Fibre 
type 
Vf Test Name maxPs fcu,100cube  
Pundit 
for 
100mm3 
cubes 
fcu,150cube 
Pundit 
for 
150mm3 
cubes 
    0.6S1-0% 17.08 
41.1 24.00 - - 
- 0% 0.6S2-0% 16.72 
    0.6S3-0% 15.14 52.85 24.48 - - 
3D 
0.50% 
0.6S1-3D0.5% 14.15 
39.69 26.75 - - 
0.6S2-3D0.5% 14.99 
1.00% 
0.6S1-3D1% 14.34 
31.41 30.00 35.3 44.80 
0.6S2-3D1% 12.63 
0.6S3-3D1% 21.91 - - 51.37 37.58 
1.50% 
0.6S1-3D1.5% 13.63 
32.35 29.70 38.95 44.50 
0.6S1-3D1.5% 14.93 
5D 1.00% 
0.6S1-5D1% 26.78 
31.86 28.39 36.27 42.25 
0.6S2-5D1% 24.89 
0.6S3-5D1% 29.8 - - 47.97 36.95 
Table 5.4- Static loading test results 
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(a) 
 
 
(b) 
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(c) 
 
 
(d) 
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(e) 
Figure 5.15- Load-deflection and load-crack mouth opening displacement curves for beams with varying 
strength and fibre content of (a) 0%, (b) 3D0.5%, (c) 3D1%, (d) 3D1.5%, and (e) 5D1% 
 
 
(a) 0.6S1- 0% 
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(b) 0.6S2- 0% 
  
(c) 0.6S3- 0% 
 
  
(d) 0.6S1-3D0.5% 
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(e) 0.6S2-3D0.5% 
 
  
(f) 0.6S1- 3D1% 
 
  
(g) 0.6S2- 3D1% 
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(h) 0.6S3-3D1% 
 
  
(i) 0.6S1-3D1.5% 
 
 
                                                                               (j) 0.6S2-3D1.5% 
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(k) 0.6S2-5D1% 
 
 
(l) 0.6S3-5D1% 
Figure 5.16- Crack propagation for beams with fibre content (a) 0.6S1- 0%, (b) 0.6S2- 0%, (c) 0.6S3-0%, 
(d) 0.6S1-3D0.5%, (e) 0.6S2-3D0.5%, (f) 0.6S1- 3D1%, (g) 0.6S2-3D1%, (h) 0.6S3, 3D1%, (i) 0.6S1-
3D1.5%, (j) 0.6S2-3D1.5%, (k) 0.6S2-5D1%, and (l) 0.6S3-5D1% 
5.7 Notched beams subjected to drop-weight (impact) testing 
The experimental setup employed for carrying out the drop tests on the notched beams 
(similar to those subjected to static testing in the previous section) is shown in Figure 
5.17. The specimens are tested as simple supported beams. Each support is located at a 
distance of 100mm from the closest edge of the beam. At each support the specimen 
was restrained in order to avoid uplift. 130×100×6mm3 Steel plates were placed at the 
supports and 150×40×12mm3 steel plate was placed in the impact region (in the impact 
region), where the load is applied, to avoid the development of high stress 
concentrations that could lead to localised cracking in these regions (see Figure 5.17). 
The load was imposed through the use of a 47kg mass allowed to fall from a height of 
0.5m from the top face of the specimen. 
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Figure 5.17- impact beam set up 
During testing attention was focused on measuring (i) the imposed (contact) force and 
the reaction forces generated in the impact region (i.e. where the impactor collides with 
the specimen) and the supports respectively as well as (ii) the deflection at midspan (at 
the location at which the notch was formed). Forces are measured through the use of 
load cells positioned at the bottom face of the impactor (to measure the impact force 
generated when the impactor collides with the target specimen) and at the right support 
of the specimen. Displacements are measured using Linear Variable Differential 
 
         
 
120 
 
Transducers (LVDTs) at the midspan of the beam. The ends of LVDTs were attached to 
a small aluminium plate attached to the surface of the specimen using silicone which 
was allowed to set for a period of 8 hours.  
5.7.1 Impact force and support reactions 
The curves presented in Figure 5.18 show the variation of the impact and reaction forces 
recorded during each impact (drop-weight) test, starting from just before the impactor 
comes into contact with the specimen and finishing when the values of the impact and 
reaction forces eventually become equal to a small fraction of their peak values. It is 
noted that the values respresenting the total reaction forces presented in Figure 5.18 are 
the values measured on the right hand side support of the specimens multiplied by a 
factor of 2 assuming that the reaction forces developing on the left-hand side support are 
the same. It is noted that during testing this may not be the case as the level of damage 
sustained may be more extensive on one side of the beam whch may affact the 
distribution of the reaction forces on the supportes located on either side of the beam. 
The curves describing the variation of the impact force with time reveal that it increases 
rapidly (immediately after the drop mass comes into contact with the specimen) to a 
maximum value and then quickly reduces. It is interesting to notice that the form of 
these curves can be characterised by multiple peaks, likely to be associated with 
secondary impacts being exhibited between the specimens, the pads and the drop-mass 
throughout the loading process, as well as the cracking of the concrete medium in the 
impact region (scrubbing). The curves describing the time history of the reaction forces 
reveal that the latter forces start increasing with a delay compared to the impact forces 
generated in the impact region. This delay is associated with the time required by the 
stress waves, generated during impact, to reach the supports. It is also interesting to 
notice that the curves describing the time history of the reaction forces are characterised 
by multiple peaks due to the secondary impacts mentioned earlier and the oscillation 
exhibited by the specimen. 
Results obtained from the impact tests are summarised in Table 5.5; certain key values 
are established such as: the peak values (intensity) of the impact (maxPd) and reaction 
(maxRd) forces generated during testing and the corresponding time at which these 
values are attained (tP and tR respectively), the average loading rate (?̇? = maxPd /tP) and 
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the time interval (delay) between the peak impact and peak reaction force (ΔtP-R =tR- tP). 
It is noted that in some cases data is missing due to the instrumentation failing to trigger 
when conducting the impact tests (e.g. test 0.6D2-3D0.5%-0.5m-1). In the latter cases 
emphasis is focussed on the information provided by the photographic evidence 
recorded by the HS camera. 
   
  
(a) 
 
(b) 
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(c) 
 
 
(d) 
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(e) 
Figure 5.18- Impact and reaction force time histories recorded when subjecting to drop-weight tests 
notched beams with different types of fibre and fibre content: (a) 0%, (b) 3D0.5%, (c) 3D1%, (d) 
3D1.5%, and (e) 5D1% 
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- 0% 
32.59 0.6D1- 0%-0.5m-1 1 142.17 79.90 1.8 0.420 2.128 338.5 -28.686 -24.108 17.08 8.32 1.708 
52.85 0.6D2 -0%-0.5m-1 1 172.89 107.01 1.6 0.420 1.988 411.6 -25.007 -19.569 15.14 11.42 1.568 
3D 
0.5% 39.69 
0.6D1-3D0.5%-0.5m-1 1 178.31 100.87 1.8 0.364 0.840 489.9 -16.948 -16.844 
14.99 
11.89 0.476 
0.6D2-3D0.5%-0.5m-1 1 - - - - - - -18.651 -17.759 - - 
1% 
35.30 
0.6D1-3D1%-0.5m-1 1 197.59 148.90 1.3 0.308 0.812 641.5 -5.817 -5.655 
14.34 
13.78 0.504 
0.6D1-3D1%-0.5m-2 2 158.43 119.28 1.3 0.392 0.980 404.2 -16.551 -10.22 11.05 0.588 
0.6D2-3D1%-0.5m-1 1 176.51 140.98 1.3 0.448 0.980 394.0 -4.397 -2.216 12.31 0.532 
0.6D2-3D1%-0.5m-2 2 207.23 111.28 1.9 0.308 0.896 672.8 -22.051 -19.892 14.45 0.588 
51.37 
0.6D3-3D1%0.5m-1 1 195.18 104.87 1.9 0.392 1.176 497.9 -6.771 -4.821 
21.91 
8.91 0.784 
0.6D3-3D1%0.5m-2 2 195.18 90.46 2.2 0.392 1.176 497.9 -19.741 -12.201 8.91 0.784 
1% 38.95 
0.6D1-3D1.5%-0.5m-1 1 183.74 178.62 1.0 0.392 1.008 468.7 -27.352 -16.63 
14.93 
12.31 0.616 
0.6D1-3D1.5%-0.5m-2 2 156.02 167.41 0.9 0.420 0.840 371.5 -53.976 -50.622 10.45 0.42 
0.6D2-3D1.5%-0.5m-1 1 167.47 225.08 0.7 0.420 0.840 398.7 -46.68 -42.601 11.22 0.42 
5D 1% 
36.27 
0.6D1-5D1%-0.5m-1 1 174.10 129.69 1.3 0.448 2.156 388.6 -4.148 -0.675 
26.78 
6.50 1.708 
0.6D1-5D1%-0.5m-2 2 179.52 127.30 1.4 0.392 1.932 457.9 -6.298 -2.46 6.70 1.54 
0.6D1-5D1%-0.5m-3 3 155.42 78.46 2.0 0.532 2.184 292.1 -17.949 -15.542 5.81 1.652 
0.6D2-5D1%-0.5m-1 1 150.00 154.51 1.0 0.448 1.96 334.8 -4.753 -2.84 5.60 1.512 
0.6D2-5D1%-0.5m-2 2 130.12 132.45 1.0 0.532 2.072 244.6 -13.412 -11.68 4.86 1.54 
0.6D2-5D1%-0.5m-3 3 114.46 114.54 1.0 0.7 1.848 163.5 -25.309 -21.231 4.28 1.148 
47.97 
0.6D3-5D1%-0.5m-1 1 185.54 165.05 1.1 0.364 1.82 509.7 -4.45 -1.069 29.80 6.23 1.456 
0.6D3-5D1%-0.5m-2 2 201.21 113.98 1.8 0.364 1.652 552.8 -10.659 -9.567 
 
6.75 1.288 
0.6D3-5D1%-0.5m-3 3 130.12 104.07 1.3 0.392 1.456 331.9 -24.974 -18.163 4.37 1.064 
0.6D4-5D1%-0.5m-1 1 151.21 195.34 0.8 0.504 1.288 300.0 -3.526 -1.752 5.07 0.784 
0.6D4-5D1%-0.5m-2 2 171.08 147.30 1.2 0.476 1.288 359.4 -8.952 -8.79 5.74 0.812 
0.6D4-5D1%-0.5m-3 3 115.06 139.30 0.8 0.476 1.204 241.7 -29.338 -24.084 3.86 0.728 
Table 5.5- Key results obtained from the impact tests
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Figure 5.19(a & b) show the peak impact force (maxPd) and peak reaction force (maxRd) 
recorded when conducting each consecutive drop-weight test on notch beam different 
specimens considered characterised by different types of fibres (3D or 5D) as well as 
different values of Vf and fc. It is observed that the recorded data is characterised by 
considerable scatter however, beams with 5D fibres and Vf = 1% can undertake up to 
three consecutive impacts before collapsing (disintegrating). Beams with no fibre (Vf = 
0%) appear to collapse (disintegrate) after one impact only. It is interesting to note that 
the values of maxPd and maxRd appear to reduce every time the drop-mass collides onto 
the specimen due to the damage accumulated with every consecutive impact (see Figure 
5.19(a) and 5.19(b)).  
The results in Figure 5.19(c) reveal that the dynamic increase factor (DIF) – expressed 
as the maximum sustained load (maxPd) recorded during drop weight testing normalised 
with respect to the equivalent static load carrying capacity (maxPs) of the specimen 
considered – increases with increasing loading rates (see Table 5.5). However, it is 
worth noticing that increasing values of Vf and fc do not necessarily result in higher 
values of DIF due the increase exhibited in both values of maxPd and maxPs. The 
dynamic increase factor (DIF) expressing the peak reaction force (maxRd) recorded 
during drop weight testing normalised with respect to the equivalent peak force 
recorded during equivalent static loading (maxPs) does not necessarily increase with 
increasing values of loading rate, this is maybe due to the increase of level of damage 
caused by consecutive impacts which prevents stress waves to reach the supports.  
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(d) 
Figure 5.19- (a) Maximum impact force, (b) Maximum reaction force, (c) The ratio of maximum impact 
force to the maximum static force, (d) The ratio of maximum reaction force to the maximum static force 
for different impact numbers for beams containing different fibre volume content of 0%, 3D1%, 3D1.5%, 
and 5D1%, subjected to impact height 0.5m 
5.7.2 Displacement data and deformation profiles 
During testing the vertical displacement exhibited at the mid-span of the beam is 
measured through the combined use of an LVDT and the high speed (HS) camera. 
Figure 5.20 shows a comparison between the displacement time histories measured by 
the LVDTs with that obtained from the HS camera. For some tests, the LVDT was 
detached during drop weight testing. In these cases the results from the LVDT were 
dismissed and the time history of the deflection at mid-span is measured through the 
analysis of the available photographic evidence recoded by the high speed camera.  
The curves in Figure 5.20 reveal that after initial contact between the impactor and the 
specimen, the deflection exhibited by the specimen increases to a maximum value. 
Assuming the specimen does not disintegrate during testing, after fluctuating for a short 
period of time it obtains its residual value (the latter essentially depending on the level 
of damaged sustained). It is interesting to notice that maximum deflection is attained 
well after the peak impact load is achieved. Figure 5.21 shows the time-histories of (i) 
the displacement recorded by the LVDTs along the span of the beams and (ii) the 
impact force generated at the impact region. From the latter curves it is clear that when 
the maximum impact load (maxPd) is attained the mid-span deflection exhibited by the 
beam is a small fraction of the maximum displacement exhibited by the same specimen 
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after the impact load is applied. This suggests that during the initial stages of the loading 
process (prior to attaining maxPd) the specimens exhibit localised response  
 
(a) 
 
(b) 
 
(c) 
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(d) 
  
 
 
(e) 
Figure 5.20- Correlation between the deflection time histories obtained during drop-weight testing from 
the LVDT and the analysis photographic evidence obtained from the HS camera for beams with varying 
compressive strength containing fibre volume: (a) 0%, (b) 3D0.5%, (c) 3D1%, (d) 3D1.5%, and (e) 5D1% 
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(a)                                                                     
    
(b) 
 
(c)                                                                         
 
(d) 
Figure 5.21- Impact force and deflection time histories recorded by LVDTs for beams with fibre content: 
(a) 3D0.5%, (b) 3D1%, (c) 3D1.5%, and (d) 5D1% 
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5.7.3 Strains and strain rates 
The strains and the associated strain rates (acting normal to the specimen cross-section) 
were measured along the height of the beams’ cross-section in the mid-span region. This 
was achieved by analysing the photographic data obtained from the HS camera in order 
to establish the change in distance between a number of points marked in the form of a 
grid (see Figure 5.22) on the side surface of each specimen tested. The strains acting 
normal to the specimen cross-section at the impact (mid-span) region and the associated 
strain-rate values calculated are presented in the form of time-histories in Figure 5.23 
and Figure 5.24, respectively.  
Figure 5.23 reveals that the peak values of strain are attained a few msec after the 
impactor comes into contact with the specimen, approximately at the same time at 
which the impact load attains its peak value (maxPd) and not when the maximum 
deflection (maxdd) is reached (well after maxPd is attained). This essentially suggests 
the development of higher internal actions during the initial stages of the loading. It is 
interesting to notice from the curves in Figure 5.23 that positive values of strain 
(associated with tension) are exhibited throughout the whole height of the specimen 
cross-section. This shows that cracking develops and propagates deep into the 
compressive zone even before the impact load attains its peak value.  
The curves presented in Figure 5.24 are also used to estimate the values of the strain-
rate exhibited along the height of the specimen cross-section close to the mid-span 
region. The maximum values of the strain rate close to bottom surfaces of the beam is 
34 sec-1, for test 0.6D2-3D1.5%-0.5m-1. Nevertheless, it is important to point out that 
the higher tensile values of strain rate recorded during testing are mainly associated with 
the development of flexural cracking in the mid-span region that penetrated deep into 
the compressive zone during the initial stages of the loading process (i.e. before maxPd 
is attained). As a result, it could be suggested that high values of strain-rate in the region 
of the specimen in tension are likely to reflect the rate at which the cracks widen rather 
than the actual deformation of the concrete medium itself.  
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Figure 5.22- Locations at which the strain and associated strain rates are calculated along the element 
height at mid-span (impact region) 
 
 
(a) 
 
 
(b) 
Figure 5.23- Curves describing the time histories of strain along the height of the specimen’s cross-
section close to the impact (mid-span) region between the points presented in Figure 5.24 for beam 
impact tests (a) 0.6D1-3D1%-0.5m-1,  and (b) 0.6D1-5D1%-0.5m-1 
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(a) 
 
 (b) 
Figure 5.24- Variation with time of the strain-rate exhibited at the bottom (between points A and B) face 
of the beam at mid-span for beam impact tests (a) 0.6D1-3D1%-0.5m-1, and (b) 0.6D1- 5D1%-0.5m-1 
5.7.4 Cracking process and exhibited mode of failure 
Frames obtained from the high speed (HS) camera at different stages of the loading 
process during impact testing of specimen 0.6D1-3D1%-0.5m-1 (fc = 30 MPa 3D fibres, 
Vf = 1%, H= 0.5m) are presented in Figure 5.25. From these photos it is observed that 
once the crack form over the notch is quickly penetrates deep into the compressive zone 
after the maximum contact (impact) force (maxPd) is attained and propagated during the 
deflection of the beam. This can be seen from Figure 5.21 which shows the variation 
with time of the contact force (generated in the impact region) and the mid-span 
deflection measured by the LVDTs. From these curves it is clear that when the 
maximum impact load (maxPd) is attained the deflection exhibited by the beam is a 
small fraction (close to zero) of the maximum deflection exhibited by the specimen after 
the impact load is applied.  
The mode of failure exhibited for different beams is shown in Figure 5.26. The photos 
in the latter figure shows that specimens with no or low fibre contents essentially break 
into two pieces during the first impact while the beam with high fibre content fail on the 
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2nd or 3rd impact. The increase of fibre content in the concrete mix can cause the 
formation of a number of secondary cracks around the main crack with the increase of 
pull-out length of the fibres which demonstrates the improvement in the post peak 
fracture behaviour of the beam.  
  
(immediately before contact)                                          tp= 0.308 msec (at maxPd) 
 
  
t=1.064 msec (at uplift)                                          t=2.5msec (when the crack appear)                                 
 
 
𝑡d,max⁡⁡=6.608 msec (at maximum mid-span deflection) 
Figure 5.25- Cracking process that the specimen undergo throughout the loading process for beam with 
3D1% fibre content under 0.5m drop-weight impact test 
  
(a) 0.6D1-0%-0.5m-1                                              (b) 0.6D2- 0%-0.5m-1 
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   (c) 0.6D1-3D0.5%-0.5m-1                                    (d) 0.6D2-3D0.5%-0.5m-1 
  
                        (e) 0.6D1-3D1%-0.5m-1                                       (f) 0.6D1-3D1%-0.5m-2 
  
             (g) 0.6D2-3D1%-0.5m-1                       (h) 0.6D2- 3D1%-0.5m-2 
  
        (h) 0.6D3-3D1%-0.5m-1                                             (i) 0.6D3-3D1%-0.5m-2 
  
       (j) 0.6D4-3D1%-0.5m-1                                            (k) 0.6D4-3D1%-0.5m-2 
  
        (l) 0.6D1-3D1.5%-0.5m-1                                        (m) 0.6D1-3D1.5%-0.5m-2 
  
(n) 0.6D2-3D1.5%-0.5m-1 
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             (o) 0.6D1-5D1%-0.5m-1                                    (p) 0.6D1-5D1%-0.5m-2 
 
(q) 0.6D1-5D1%-0.5m-3 
  
                     (r) 0.6D2-5D1%-0.5m-1                                 (s) 0.6D2-5D1%-0.5m-2 
 
(t) 0.6D2-5D1%-0.5m-3 
  
                       (u) 0.6D3-D1%-0.5m-1                                         (v) 0.6D3-5D1%-0.5m-2 
 
(w) 0.6D3-5D1%-0.5m-3 
  
                     (x) 0.6D4-5D1%-0.5m-1                             (y) 0.6D4-5D1%-0.5m-2 
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(z) 0.6D4-5D1%-0.5m-3 
Figure 5.26- Cracking process for beam with different fibre content under 0.5m drop-weight impact test  
 
5.8 Conclusions 
This chapter considered the effect of steel fibres on the behaviour of concrete notched 
beams under static and impact loading. These specimens were characterised by different 
values of fc and Vf and also used different kind of fibres. A series of cubes and cylinders 
were cast from every batch of concrete mix prepared which were subjected to uniaxial 
compression in order to determine the material properties and the stress-strain curves 
describing the material behaviour of concrete for different values of fibre content. The 
following conclusions are drawn for the analysis of the test data obtained: 
 Performing pundit test on concrete cubes showed that the velocity of the 
transferred pulse increases by increase of fibre content. This is due to the steel 
fibres in concrete mixture as steel is the better conveyor of ultrasonic pulse than 
concrete.  
 Observing stress-strain curves obtained from the cylinders under compression, 
revealed that the addition of steel fibres increased the strain corresponding to the 
peak stress, strain capacity, toughness and the elastic deformation in pre-failure 
region. The descending portion of the stress-strain curves are primarily affected 
by the addition of steel fibres into the concrete mix. This demonstrates yet again 
that the introduction of fibres into the concrete mix mainly affects the post-peak 
behaviour exhibited by the specimen. 
 The following conclusions can be made from the flexural static tests on concrete 
beams: 
 Samples characterised by higher values of fc exhibit higher values for 
peak load. 
 The load-deflection curves describing the behaviour of the notch beams 
reveal that the introduction of fibres into the concrete mix cause the 
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specimen to exhibit a softening behaviour once peak load is attained. 
Plain concrete samples exhibit a fully brittle mode of failure suffering an 
abrupt loss of load carrying capacity once peak load is attained. 
Increasing values of Vf results in a more gradual loss of load carrying 
capacity once peak load is attained. 
 In the case of the plain concrete notched beam a single crack forms at 
peak load and quickly extends upwards resulting in the collapse of the 
specimen. Fibres resisted the propagation of the crack that formed over 
the notch resulting in some cases in the formation of a cluster of fine 
cracks that eventually merged into a principal crack which extended 
towards the top surface of the specimen   
 Increasing values of Vf from 1% to 1.5% did not necessarily cause 
improvement in load carrying capacity of beams due to the high amount 
of fibre content which tends to make bundles in the concrete mix and not 
distributing uniformly in the entire mix.  
 Samples containing 5D fibres with Vf = 1% fibre content showed higher 
load carrying capacity and crack mouth opening up to failure (loss of 
load carrying capacity and opening crack mouth in the compressive 
region) when compared with samples containing 3D1% fibres. This 
shows that longer fibres acts better in interlocking the crack and prevent 
the sudden opening of crack.  
 The following conclusions can be made from the impact tests on concrete 
beams: 
 The plain concrete beams (even the ones with higher fc) fail suddenly 
and break into two pieces by the first impact, while beams containing 
steel fibre can bear up to three impacts before failure.  
 Not much difference was observed between concrete beams with 
different compressive strength under impact loading, but by increasing 
the amount of fibre content, the reaction force is greater than impact 
force due to the inertia effect, but for samples with lower fibre 
percentage, much of impact force is used to fracture the specimen and 
only a small portion is keeping balance with inertia force, so the peak 
reaction force is smaller than peak impact force.  
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 There are more branched cracks around the main crack over the notch for 
beams containing higher amount of fibre content which shows 
improvement in post-peak fracture behaviour of the beam. In addition, 
fibre pull-out was observed in the fractured beam.  
 The SFRC beams underwent smaller deflections than the plain concrete 
beams, this is attributed to the fibres arresting the cracks, preventing 
further propagation and thus limiting beam bending. 
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Chapter 6:  Drop Weight Testing of SFRC Slender Beams 
6.1  General 
The work described herein is concerned with the investigation of the behaviour of four 
sets of three simply-supported slender (because of the av/d>2.5) SFRC beams subjected 
to consecutive impact (drop-weight) tests. 3D or 5D Dramix steel fibres (the properties 
of which are provided in Table 6.1) were introduced into the concrete mix. Prior to 
carrying out the drop-weight testing the behaviour of the specimens were initially 
established experimentally under equivelant static loading for purpose of comparison. 
Table 6.2 provides a summary of the tests carried out accompanied by the main 
parameters characterising the individual tests conducted. Figure 6.1 explains the 
convention adopted for naming each test carried out. Each name consists of a maximum 
of five parts. The first part refers to the length of the beam, which is 1.5m, the second 
part refers to the type of load imposed (S: static or D: dynamic). If fibres are used into 
the concrete mix then, the third part of the name describes the type of fibre used (3D or 
5D) and the fibre content (Vf = 0%, 1% or 1.5%) introduced into the concrete mix. 
When conducting drop-weight tests, the fourth part indicates height from which the 
impactor is allowed to fall and the last (fifth) part shows the number of consecutive 
impact imposed onto the specimen. 
 
Figure 6.1- Naming convention for slender beams 
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Fibre Properties 
Fibre type 3D 5D 
ft (N/mm2) 1.115 2.3 
Ef (N/mm2) 210 210 
lf (mm) 50 60 
df (mm) 1.05 0.9 
lf/df 45 65 
Table 6.1- Fibre properties [6.1] 
 
 
Fibre 
type 
Vf 
Test 
type 
Test Name Hi (m) vi (m/s) 
- 0% 
Static 1.5S-0% N/A N/A 
Impact 
1.5D-0%-1.5m 1.5 5.42 
1.5D-0%-2.5m 2.5 7 
3D 
1.00% 
Static 1.5S-3D1% N/A N/A 
Impact 
1.5D-3D1%-1.5m 1.5 5.42 
1.5D-3D1%-2.5m 2.5 7 
1.50% 
Static 1.5S-3D1.5% N/A N/A 
Impact 
1.5D-3D1.5%-1.5m 1.5 5.42 
1.5D-3D1.5%-2.5m 2.5 7 
5D 1.00% 
Static 1.5S-5D1% N/A N/A 
Impact 
1.5D-5D1%-1.5m 1.5 5.42 
1.5D-5D1%-2.5m 2.5 7 
Table 6.2- Experimental Programme 
6.2  Specimens Characteristics 
The height (h) and width (b) of the cross-section of all slender beam specimens was 
150mm whereas the full length (L) and the clear span (Lo) were 1.5m and 1.3m, 
respectively (see Figure 6.2). For every set of the beams considered, one specimen was 
subjected to static 3-point loading and the other two to drop-weight loading. All 
specimens had a shear span (αv=Lo/2) of 0.65m and the shear span to depth ratio equal 
to 5 (αv/d=5). The arrangement of the reinforcement is described in Figure 6.2 and 
Table 6.3, whereas the material properties of each type of reinforcement bar used is 
 
         
 
142 
 
provided in Figure 6.3. The reinforcement for the slender beams considered in this 
section is designed in a way to have the beam without any steel fibre content to fail in 
flexure. For this purpose enough shear reinforcement is provided, while the longitudinal 
reinforcement is designed in a way to make the flexural failure to happen.  
The static load was applied in the form of displacement increments and increased 
monotonically to failure (crushing due to yielding of longitudinal reinforcement) at a 
constant rate. The drop weight had a mass of 124kg and was allowed to fall from 
different heights (1.5m and 2.5m) onto the mid-span region of each specimen in order to 
achieve different two values of initial velocities (5.42m/s and 7.00m/s) and 
consequently generate impact loads characterised by two different values of loading rate 
and intensity (see Table 6.2).  
 
Section A-A 
Figure 6.2- Design of the RC beam specimen (units are in mm) 
Length (m) 
Tension 
Steel As 
Compression 
Steel As′  
Stirrups ρw=Asw/bs 
1.5 2xD12 2xD8 D8@100mm 0.670% 
Table 6.3- Reinforcement details of the RC beam specimens 
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        (a)                                                                          (b) 
Figure 6.3- Experimentally established engineering stress-strain curves describing the behaviour of the (a) 
8 mm, (b) 12 mm diameter steel reinforcement bars.  
 
6.3  Experimental setup for static testing  
The experimental setup employed for studying the behaviour of the SFRC beam 
specimens when subjected to static loading is presented in Figure 6.4. Static loading 
was applied monotonically to failure essentially in the form of displacement increments 
through the use of a 300kN hydraulic jack. The jack was supported by a rigid steel beam 
on top which was in turn tied into the strong-floor through two high strength steel bars 
with a diameter of 25mm. 40mm thick steel plates were used at the loading point and 
supports in order to avoid the development of high stress concentrations and premature 
cracking in these regions that could potentially affect the load-carrying capacity and the 
exhibited mode of failure of the specimen. During each static test, the deflection was 
measured at the mid-span through the use of an LVDT supported onto the strong floor. 
The level of loading applied was monitored via a load cell positioned above the 
hydraulic jack (see Figure 6.4). In addition, the crack patterns developing at different 
levels of loading were also recorded. 
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Figure 6.4- Experimental setup employed for assessing the behaviour of the specimens under static load 
6.4  Experimental setup employed for drop-weight testing  
The setup employed for conducting the drop-weight test (presented in Figure 6.5 and 
Figure 6.6) is capable of delivering a steel drop-mass of 124kg onto the mid-span region 
of the specimen from a maximum height of 4m. All specimens were tested as simply 
supported beams and were subjected to multiple drop-tests in order to study the 
behaviour exhibited during consecutive impacts. 130×100×6mm steel plates were 
placed at the supports and a 150×150×25mm steel plate was placed in the impact region 
(at the interface between the impactor and the beam) of the beams in an attempt to avoid 
the development of high stress concentrations that could lead to localised cracking in 
these regions. Figure 6.6 shows the position of the instruments along the span of the 
specimens, which consisted of the following items: 
 Three Linear Variable Differential Transducers (LVDTs) were used to measure the 
vertical displacement exhibited during testing at mid-span, and at distance of 
383mm and 583mm from the mid-span; they are labelled as Ch1, Ch2 and Ch3 (see 
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Figure 6.6) and were mounted on a steel frame supported independently to the rest 
of the setup. 
 
 The specimens in tests 3, 6, 11, and 12 were fitted with strain gauges. One of the 
strain gauges was mounted on the top surface of the beam at a distance of 135mm 
off the mid-span (labelled as Ch4 in Figure 6.6). The second strain gauge was 
attached 25mm below the first one on the side of the specimen (labelled as Ch5 in 
Figure 6.6). Both strain gauges were used to measure longitudinal strains and the 
corresponding strain rates. 
 A dynamic load-cell (labelled as Ch6 in Figure 6.6) was attached to the bottom of 
the drop weight and measured the impact (contact) force generated during the 
collision of the drop-mass with the specimen. Another dynamic load cell (labelled as 
Ch7 in Figure 6.6) was placed underneath the right support of the specimen to 
measure the variation of the reaction force generated with time. 
 
 
 The data acquisition system used was capable of recording data at a sampling rate of 
35KHz per channel. 
Finally, a high speed camera, recording at a rate of 2000 frames per second (fps) was 
used to record in detail the development and the propagation of cracking in the impact 
region throughout the loading process. The camera was also used to confirm the 
measurements obtained from the instrumentation described above and compensating for 
the occasional loss of data. The photographic evidence was successful in providing a 
more detailed description of the specimen behaviour in the impact region by tracking 
the movement of a number of points marked in the form of a grid on the side surface of 
the specimen (see Figure 6.6), the pad and the impactor. To achieve this, the videos 
recorded were digitised through the use of appropriate tracking software [6.2]. 
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(a) 
 
(b) 
Figure 6.5- Experimental setup used for conducting drop weight testing (a) the drop-weight (impact) 
used, (b) the position of the instruments used for recording specimen response during testing  
 
 
 
Ch 1 LVDT 
Ch 2 LVDT 
Ch 3 LVDT 
Ch 4 Top Strain Gauge 
Ch 5 
Back Strain 
Gauge 
Ch 6  Load Cell 
Ch 7 Load Cell 
Figure 6.6- Instruments used during drop-weight testing in order to record the behaviour exhibited by the 
slender SFRC beam specimens 
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6.5  Specimen behaviour under static loading 
The behaviour of beam specimen under static loading is presented in Figure 6.7 in the 
form of curves describing the relation between the applied load and the deflection at 
mid-span. These curves reveal that the slender beams exhibited ductile behaviour, with 
failure occurring after yielding of the longitudinal reinforcement bars at mid-span, 
resulting in the formation of extensive flexural cracking along its span that ultimately 
led to loss of load-carrying capacity due to failure in the compressive zone. The test 
results were in line with predictions of the design codes employed [6.3] (see Table 6.4). 
 
Figure 6.7- Load-displacement curve and crack patterns obtained for the case of slender specimens under 
static loading monotonically applied to failure with different fibre content 
 
 
Specimen 
name 
Pf (kN) Vc (kN) 
1.5S-0% 41.42 144.55 
1.5S-3D1% 44.89 179.65 
1.5S-3D1.5% 46.60 197.20 
1.5S-5D1% 46.41 195.25 
Table 6.4- Predicted static flexural and shear capacity of the beams 
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(i) cracking at crack initiation (Pcr = 0.36×maxPs = 13.8kN) 
 
(ii) cracking at peak load (maxPs = 38kN) 
 
(iii) cracking after peak load is attained at the end of the loading process  
(a) Specimen with no fibres 
 
(i) cracking at crack initiation (Pcr = 0.31×maxPs = 15.4kN) 
 
(ii) cracking at peak load (maxPs = 49.8kN) 
 
 
(iii) cracking after peak load is attained at the end of the loading process  
(b) Specimen with 3D fibres and Vf = 1% 
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(i) cracking at crack initiation (Pcr = 0.44×maxPs = 17.5kN) 
 
(ii) cracking at peak load (maxPs = 39.4kN) 
      
(iii) cracking after peak load is attained at the end of the loading process  
(c) Specimen with 3D fibres and Vf = 1.5% 
 
(i) cracking at crack initiation (Pcr = 0.33×maxPs = 15kN) 
 
(ii) cracking at peak load (maxPs = 45.5) 
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(iii) cracking after peak load is attained at the end of the loading process  
(d) Specimen with 5D fibres and Vf = 1% 
Figure 6.8- Crack patterns at different stages of the loading process (i) crack initiation, (ii) at peak load, 
(iii) failure for beams (a) 1.5S-0%, (b) 1.5S-3D1%, (c) 1.5S-3D1.5%, and (d) 1.5S-5D1% 
Figure 6.8 shows the crack profiles developing along the span of the beam at different 
stages of the loading process (i.e. at crack initiation, at peak load and at the end of the 
loading process). In all cases considered cracking mainly developed along the middle 
portion of the span of the specimen penetrating deep into the compression zone. It was 
observed adding fibres to concrete mix delays the opening of cracks especially the main 
crack in the middle of all the beams and extended the time of post crack behaviour 
which is considered the time between peak load and failure (crushing due to yielding of 
longitudinal reinforcement). This phenomenon is more pronounced when comparing the 
beams containing 5D fibres to the ones with 3D fibres as the longer fibres show more 
pull out behaviour.  
Beam with 3D fibres and Vf = 1% exhibited higher load carrying capacity compared to 
the beam with 3D fibres and Vf = 1.5%. Usually fibre content more than 1% cannot 
make a uniform mixture with concrete, which results in the lower strength of the 
specimens. Beams with Vf = 1% containing 3D and 5D fibres exhibited similar 
behaviour in terms of load carrying capacity, cracking and failure mode.  
6.6  Behaviour exhibited during drop-weight testing 
During drop-weight testing emphasis is focused on establishing variations of important 
behavioural characteristics of the specimens throughout the loading process. These 
characteristics include the impact and reaction forces generated, the movement of the 
drop-weight and the displacement at specific points marked along the element span (see 
Figure 6.6) as well as the strains developing in particular regions of the specimens. The 
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crack patterns and deformation profiles exhibited by the specimens at different stages of 
the loading process as well as the mode of failure are also monitored as they provide an 
indication of the varying internal state of stress of the specimen.  
6.6.1 Impact force and support reactions 
The curves presented in Figure 6.9 to 6.11 show the variation of the impact and reaction 
forces recorded during the first 30ms (0.03s) of each impact (drop-weight) test, starting 
from just before the moment of contact between the impactor and the specimen and 
finishing when the values of the impact and reaction forces eventually become equal to 
a small fraction of their peak values. It is noted that the values respresenting the total 
reaction forces presented in Figure 6.9 to 6.11 are the values measured on the right hand 
side support of the specimens multiplied by a factor of 2 assuming that the reaction 
forces developing on the left-hand side support are the same.  
The curves describing the variation of the impact force with time reveals that it 
increases rapidly (immediately after the drop mass comes into contact with the 
specimen) to a maximum value (maxPd) and then quickly reduces. The overall duration 
of the impact force is less than 2ms. The duration of impact can be calculated through 
below formulation (refer to Chapter 8, section 8.3.2): 
t=2𝐿𝑒/𝐶𝑑                                                                                                      (6.1) 
where 𝐶𝑑 = 0.62√𝐸/𝜌, and the factor 2 is used because wave propagates forward and 
then backward through beam length. By considering the shear span of the slender beams 
as 0.65m, and concrete Elastic Modulus, E, and density, , as 30GPa and 2400Kg/m3, 
then the duration of impact, t, is equal to 0.57ms which is consistent with the obtained 
experimental results. 
It is interesting to note that the form of these curves is characterised by single peak 
followed by some secondary peaks, likely to be associated with secondary impacts 
being exhibited between the specimens, the pads and the drop-mass during the loading 
process, as well as the cracking of the concrete medium in the impact region 
(scrubbing). The curves describing the time-history of the reaction forces reveal that the 
latter forces start increasing with a delay compared to the impact forces generated in the 
impact region. This delay is associated with the time required by the stress waves, 
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generated during impact, to reach the supports. It is also interesting to note that the 
curves describing the time history of the reaction forces are also characterised by 
multiple peaks due to the secondary impacts referred to earlier and the oscillation 
exhibited by the specimen. It is also observed that peak impact force and peak reaction 
force decrease for consequent number of impact. On the basis of the information 
presented in Figure 6.9 and Figure 6.10, a number of key parameters are identified. 
These include the peak values (intensities) of the impact (maxPd) and reaction (maxRd) 
forces generated during testing and the corresponding time at which these values are 
attained (tP and tR respectively), the average loading rate (?̇? = maxPd /tP) and the time 
interval (delay) between the peak impact and peak reaction forces (ΔtP-R =tR- tP). The 
values of the above parameters are provided in Table 6.5. It is noted that since in some 
cases some data is missing due to the instrumentation failing to record the relevant 
measurements. In this cases attention is focussed on the photographic evidence recorded 
by the HS camera.  
The test data obtained reveals a considerable difference between the peak values of the 
impact (maxPd) and reaction (maxRd) forces associated with the large portion of the 
impact energy (introduced by the impactor) which is lost due to the damage (cracking) 
suffered by the specimen. Increasing levels of cracking by every impact results in the 
stress waves, generated at the impact region, to travel with lower speeds through the 
concrete medium towards the supports.  
Figure 6.12(a & b) show the variation of the peak impact force (maxPd) and peak 
reaction forces (maxRd) recorded during different drop tests. During these tests the 
impactor was allowed to fall from different heights and the beam specimens had 
different values of fibre content. It was observed that the value maxPd and maxRd 
recorded during the first impact test were not significantly affected by the fibre content. 
It was also observed that beams with Vf = 1% and 1.5% could tolerate 4 consecutive 
blows when the drop mass was allowed to fall from a height of 1.5m, while beams with 
no fibres could tolerate the 3 consecutive blows. The values of maxPd and maxRd 
reduces with every consecutive blow. Increasing values of Vf appear to result in a more 
gradual reduction of maxPd and maxRd. Interestingly, in all cases considered the value 
of maxRd appears to reduce much quicker than that of maxPd. This suggests that maxPd 
appears to be largely associated with the velocity with which the drop-mass collides 
 
         
 
153 
 
with the specimen, and less by the physical state of the specimen and the level of 
damage sustained along its span. On the other hand, the values of maxRd appear to be 
significantly affected by the level of damage sustained by the specimen and the 
mechanisms activated for transferring the applied loads to the supports. 
Figure 6.12(c & d) show the variation of Dynamic Increase Factor (DIF) for impact DIF 
=maxPd/maxPs and reaction force DIF =maxRd/maxPs. It is observed that increasing 
values of Vf did not always result in an increase in the values of DIF =maxPd/maxPs, as 
the load carrying capacity established during static testing (maxPs) also increased with 
increasing values of Vf (see Table 6.5). Finally, it was observed that with every 
consecutive blow the time difference between maximum impact and reaction force 
increases (Figure 6.12(e)). This indicates that the speed with which the stress waves 
travel (from impact region to the support) increases due to the increasing level of 
damage (cracking) sustained by the specimen during every consecutive impact.  
This is evidenced by the values of ΔtP-R = tR- tP provided in Table 6.5 for each drop test 
carried out. Based on the above it can be suggested that the maximum impact force 
generated (maxPd) in relation to the peak value of the reaction force (maxRd) – 
expressed by maxPd/maxRd (see Figure 6.12(f)) – and the delay between the time at 
which maxPd and maxRd are attained (ΔtP-R = tR-tP) can serve as practical indicators of 
the physical state and the level of damage sustained by the specimens during each drop 
test (see Table 6.5). 
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(a) 
  
(b) 
 
    
(c) 
  
(d) 
Figure 6.9- Impact and reaction force time histories recorded when subjecting to 1st impact under 1.5m 
and 2.5m drop-weight impact testing specimens (a) 1.5D-0%, (b) 1.5D-3D1%, (c) 1.5D-3D1.5%, and (d) 
1.5D-5D1% 
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(a) 
  
(b)
  
(c) 
  
(d) 
Figure 6.10- Consecutive impact and reaction force time histories recorded when subjecting to 1.5m drop-
weight impact testing for specimens (a) 1.5D-0%-1.5m, (b) 1.5D-3D1%-1.5m, (c) 1.5D-3D1.5%-1.5m, 
and (d) 1.5D-5D1%-1.5m 
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(a) 
 
 
(b) 
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(c) 
 
 
(d) 
Figure 6.11- Consecutive impact and reaction force time histories recorded when subjecting to 2.5m drop-
weight testing for specimens (a) 1.5D-0%-2.5m, (b) 1.5D-3D1%-2.5m, (c) 1.5D-3D1.5%-2.5m, and (d) 
1.5D-5D1%-2.5m 
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3D 
0% 
1.5D-0%-1.5m-1 1 
1.5 31.68 38.96 
509.80 340.96 1.50 0.36 2.86 1400.56 -26.65 -16.20 38.00 13.42 2.49 
1.5D-0%-1.5m-2 2 378.43 222.89 1.70 0.70 3.28 540.62 -48.34 -34.96 38.00 9.96 2.58 
1.5D-0%-1.5m-3 3 233.33 177.11 1.32 0.78 3.64 297.62 -70.69 -55.84 38.00 6.14 2.86 
1.5D-0%-2.5m-1 1 
2.5 38.56 - 
715.69 190.36 3.76 0.28 3.67 2556.02 - - 38.00 18.83 3.39 
1.5D-0%-2.5m-2 2 512.75 137.35 3.73 0.34 3.53 1526.03 - - 38.00 13.49 3.19 
1.00% 
1.5D-3D1%-1.5m-1 1 
1.5 - 32.10 
562.75 233.73 2.41 0.28 2.88 2009.80 -26.99 -15.66 49.80 11.30 2.60 
1.5D-3D1%-1.5m-2 2 351.96 166.27 2.12 0.31 3.30 1142.73 -46.97 -33.35 49.80 7.07 3.00 
1.5D-3D1%-1.5m-3 3 248.04 151.81 1.63 0.45 3.56 553.66 -66.51 -51.34 49.80 4.98 3.11 
1.5D-3D1%-1.5m-4 4 172.55 128.92 1.34 0.84 3.95 205.42 -86.94 -68.28 49.80 3.46 3.11 
1.5D-3D1%-2.5m-1 1 
2.5 32.68 41.38 
712.75 216.87 3.29 0.28 2.88 2545.52 -53.19 -38.81 49.80 14.31 2.60 
1.5D-3D1%-2.5m-2 2 519.61 157.83 3.29 0.34 3.39 1546.45 -96.60 -79.86 49.80 10.43 3.05 
1.50% 
1.5D-3D1.5%-1.5m-1 1 
1.5 - 30.64 
541.18 281.15 1.92 0.28 3.11 1932.78 -28.01 -17.42 39.40 13.74 2.83 
1.5D-3D1.5%-1.5m-2 2 305.88 190.53 1.61 0.25 3.19 1213.82 -47.55 -32.97 39.40 7.76 2.94 
1.5D-3D1.5%-1.5m-3 3 312.75 229.09 1.37 0.28 3.53 1116.95 -65.96 -48.08 39.40 7.94 3.25 
1.5D-3D1.5%-1.5m-4 4 309.80 232.16 1.33 0.28 3.30 1106.44 -80.88 -67.37 39.40 7.86 3.02 
1.5D-3D1.5%-2.5m-1 1 
2.5 29.59 30.65 
622.55 250.60 2.48 0.28 2.88 2223.39 -42.41 -28.18 39.40 15.80 2.60 
1.5D-3D1.5%-2.5m-2 2 427.45 142.17 3.01 0.45 3.50 954.13 -76.52 -56.13 39.40 10.85 3.05 
5D 1.00% 
1.5D-5D1%-1.5m-1 1 
1.5 44.59 47.19 
523.53 136.14 3.85 0.34 4.03 1558.12 -35.38 -22.03 45.50 11.51 3.70 
1.5D-5D1%-1.5m-2 2 426.47 126.51 3.37 0.42 4.28 1015.41 -61.34 -46.88 45.50 9.37 3.86 
1.5D-5D1%-1.5m-3 3 322.55 124.10 2.60 0.62 4.14 523.62 -84.45 -69.03 45.50 7.09 3.53 
1.5D-5D1%-1.5m-4 4 303.92 125.30 2.43 0.84 4.14 361.81 105.79 -93.97 45.50 6.68 3.30 
1.5D-5D1%-2.5m-1 1 
2.5 44.59 47.19 
674.51 204.82 3.29 0.31 4.54 2189.97 -53.09 -37.75 45.50 14.82 4.23 
1.5D-5D1%-2.5m-2 2 498.04 160.24 3.11 0.70 3.95 711.48 -96.42 -79.16 45.50 10.95 3.25 
Table 6.5- Key values established based on the curves describing time-histories of the impact and 
reaction forces generated during each drop weight tests 
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(a) 
 
(b) 
 
(c) 
   
(d)
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(e) 
  
(f) 
Figure 6.12- (a) Maximum impact force, (b) Maximum reaction force, (c) The ratio of maximum impact 
force to the maximum static force, (d) The ratio of maximum reaction force to the maximum static force, 
and (e) Time difference for maximum impact and reaction force, and (f) The ratio of maximum impact 
force to the maximum reaction force for different impact numbers and fibre volume content of 0%, 
3D1%, 3D1.5%, and 5D1%, and drop heights of 1.5m and 2.5m
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6.6.2 Displacement data and deformation profiles 
During testing the vertical displacement exhibited at specific points along the span of 
the specimen in the region between the locations at which the load is applied (mid-span) 
and the left-hand-side support is measured through the combined use of LVDTs (see 
Figure 6.13 and Figure 6.14) and a high speed (HS) camera. A total of three LVDTs 
were used to measure the displacement (see Figure 6.6). Figure 6.13 and Figure 6.14 
shows a comparison between the displacement time histories measured by the LVDTs at 
the mid-span of the beam (Ch3) with that obtained from the HS camera for different 
fibre volume content at 1st impact. Good agreement is observed between the two sets of 
measurements. The curves in Figure 6.13 and Figure 6.14 reveal that after initial contact 
between the impactor and the specimen, the deflection exhibited by the specimen 
increases to a maximum value and after fluctuating for a short period of time it obtains 
its residual value (the latter essentially depending on the level of damaged sustained). It 
is interesting to note that maximum deflection is attained well after the peak impact load 
is achieved. This phenomenon happen for impulsive loading, while for monotonic 
loading, the deflection increases by increase of applied load (refer to Appendix A, 
section A.6). 
Comparing deflection exhibited by different beams shows adding fibres to the concrete 
mix results in reduction of deflection for every applied impact and to the increase of 
ultimate deflection of the beams indicating the ductility provided by the steel fibres. 
This behaviour can also be observed when comparing beam containing 5D fibres to the 
beam with 3D fibre.  
Figure 6.15 shows the time-histories of (i) the displacement recorded along the span of 
the beams and (ii) the contact force generated at the impact region. From the latter 
curves it is clear that when the maximum impact load (maxPd) is attained the deflection 
exhibited by the SFRC beam, even at mid-span, is a small fraction of the maximum 
displacement exhibited by the same specimen after the impact load is applied. This 
confirms that during the initial stages of the loading process (prior to attaining maxPd) 
the specimens exhibit localised response with the impact load applied essentially being 
resisted by a small portion of the beam’s span concentrated in the mid-span region. 
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                                      (a)                                                                                   (b) 
  
                                           (c)                                                                                      (d) 
Figure 6.13- Correlation between the deflection time histories obtained from LVDT and the analysis 
photographic evidence obtained from the HS camera under 1.5m drop height impact for beams with fibre 
content: (a) 0% , (b) 3D1% , (c) 3D1.5% , and (d) 5D1% 
  
                                      (a)                                                                                   (b) 
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                                           (c)                                                                                      (d) 
Figure 6.14- Correlation between the deflection time histories obtained from LVDT and the analysis 
obtained from the HS camera under 2.5m drop height impact for beams with fibre content: (a) 0% , (b) 
3D1% , (c) 3D1.5% , (d) 5D1% 
 
(a) 
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(b) 
 
(c) 
Figure 6.15- Impact force and displacement time histories recorder during impact tests for beams under 
1.5m and 2.5m drop height impact, under the 1st impact, for beams with fibre content: (a) 0%, (b) 3D1%, 
and (c) 3D1.5% 
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The variation of the vertical deflection measured at different points along the portion of 
the span of the beam between the mid-span (impact) region and the left-hand side 
support are presented in Figure 6.16. Due to some inconsistences associated with the 
deflection values obtained by LVDT, the presented deformation profile are considered 
to be associated with the photographic technique, since it can provide accurate 
measurements even for small values of deflection (of the order of a few mm). These 
curves suggest that the problem at hand is a wave propagation problem as the points 
closer to the impact (mid-span, as shown in oval in Figure 6.16) region start moving 
first. As the stress waves move away from the impact region the points located further 
away from the mid-span also start moving. This provides evidence of the localised 
response exhibited by the beams specimens immediately after the initial contact 
between the impactor and the specimen.   
The localised response can be also observed form the deformation profiles (presented in 
Figure 6.17) exhibited along the span of the beam between the mid-span and the left 
hand-side support. On the basis of these deformation profiles it can be seen, yet again, 
that during the initial stages of the loading process (initial cracking for beam) the SFRC 
beams exhibit 'localised' response, since essentially only the portion of the span of the 
specimen close to the impact region reacts to the imposed load. However, when the 
maximum value of deflection at mid-span is attained (well after maxPd is reached) the 
full length of the specimens deforms exhibiting 'global' response. It is interesting to note 
that for the case of beams under 2.5m drop height impact, which is characterised by 
higher values of the impact loading rate, the 'localised' response is more pronounced as 
the maximum values of deflection associated with maxPd  are considerably higher 
compared to those established in the case of beams under 1.5m drop weight impact.  
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(b) 
  
(c)` 
  
(d) 
Figure 6.16- Variation of the vertical deflection of a series of points at different locations along the beam 
span obtained from analysis from the HS camera under 1.5m and 2.5m drop height impact, under the 1st 
impact, for beams with fibre content: (a) 0%, (b) 3D1%, (c) 3D1.5%, and (d) 5D1% 
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        (a)                                                                                    (b)  
  
        (c)                                                                                      (d) 
Figure 6.17- Deformation profile along the beam span obtained from analysis from the HS camera under 
1.5m and 2.5m drop height impact at (a) Maximum deflection for beams under 1.5m drop height impact, 
(b) Maximum deflection for beams under 2.5m drop height impact, (c) initial cracking for beams under 
1.5m drop height impact, (d) initial cracking for beams under 2.5m drop height impact 
6.6.3 Strains and strain rates 
The variation of the strain values measured by the strain-gages (Ch4 and Ch5, see 
Figure 6.6) located on (or close to) the top surface and back of the beam (in 
compression) at a distance of 135 mm form mid-span are presented in Figure 6.18(a-d) 
for tests 1.5D-0%-2.5m-1, 1.5D-3D1%-2.5m-1, 1.5D-5D1%-1.5m-1, and 1.5D-5D1%-
2.5m-1, respectively; whereas the calculated values of the corresponding strain rates are 
shown in Figure 6.19(a-d). It is interesting to observe that the values of strain rates are 
small, not exceeding 9s-1.  
The strains and the associated strain rates (acting normal to the specimen cross-section) 
were also measured along the height of the beams in the mid-span region. This was 
achieved by analysing (digitising) the photographic data obtained from the HS camera 
in order to establish the change in distance between a number of points marked in the 
form of a grid (see Figure 6.20) on the front surface of each specimen tested. The strains 
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acting normal to the specimen cross-section at the impact (mid-span) region are 
presented in the form of time-histories in Figure 6.21(a-d).  
The curves depicted in Figure 6.18 and Figure 6.19 reveal that the peak values of strain 
are attained a few msec after the impactor comes into contact with the specimen, 
approximately at the same time at which the impact load attains its peak value (maxPd) 
and not when the maximum deflection (maxdd) is reached (well after maxPd is attained). 
This essentially suggests the development of higher internal actions during the initial 
stages of the loading process when localised response is exhibited. It is interesting to 
notice from the curves in Figure 6.21(a-d) that positive values of (tensile) strain are also 
exhibited close to the top surface of the specimen (between points E and F, see Figure 
6.20), this shows that cracking develops and propagates deeply in the compressive zone. 
 
(a) 
  
(b) 
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(c) 
            
(d) 
Figure 6.18- Variation of strain measurements obtained from the top and back strain gauges for beam 
impact tests (a) 1.5D-0%-2.5m, (b)1.5D-3D1%-2.5m, (c)1.5D-5D1%-1.5m, and (d)1.5D-5D1%-2.5m 
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(c)                                                                                       (d) 
Figure 6.19- Variation of strain rate obtained for beam impact tests (a)1.5D-0%-2.5m-1, (b)1.5D-3D1%-
2.5m-1, (c)1.5D-5D1%-1.5m-1, and (d)1.5D-5D1%-2.5m-1 
 
 
Figure 6.20- Locations at which the strain and associated strain rates are calculated along the element 
height at mid-span (impact region) 
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(b) 
  
(c) 
Figure 6.21- Curves describing the time histories of strain along the height of the specimen’s cross-
section close to the impact (mid-span) region between the points presented in Figure 6.20 for beam 
impact tests (a)1.5D-0%-2.5m-1, (b)1.5D-3D1%-2.5m-1, and (c)1.5D-5D1%-2.5m-1 
The curves presented in Figure 6.21 are also used to estimate the values of the strain-
rate exhibited at the top (in compression) and bottom (in tension) surface of the 
specimen in the mid-span region (see Figure 6.22). The maximum values of the strain 
rate are 9sec-1 and 46sec-1 for the 1.5m and 2.5m impact, respectively. It is important to 
point out that the high values of strain rate are mainly associated with the development 
of flexural cracking in the mid-span region that penetrated deeply into the compressive 
zone during the initial stages of the loading process (i.e. before maxPd is attained). As a 
result it could be suggested that high values of strain-rate in the region of the specimen 
in tension are likely to reflect the rate at which the cracks widen rather than the actual 
deformation of the concrete medium itself. 
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(a) 
  
(b) 
  
(c) 
Figure 6.22- Variation with time of the strain-rate exhibited at the top (between points E and F) and 
bottom (between points A and B) face of the beam at mid-span for beam impact tests (a) 1.5D-0%-2.5m-
1, (b) 1.5D-3D1%-2.5m-1, and (c) 1.5D-5D1%-2.5m-1 
6.6.4 Cracking Process and exhibited mode of failure under static loading 
Frames obtained from the high speed (HS) camera at different stages of the loading 
process during impact testing for beam with 3D1% fibre content under 1.5m and 2.5m 
drop-height impacts are presented in Figure 6.23 and Figure 6.24, respectively. The 
high-speed camera focuses on the left-hand side portion of the subject specimens, 
between the mid-span region and the left support. The figures show that the specimen 
exhibits localised response with only a small portion of the beam span, concentrated in 
the mid-span region, reacting to the imposed load; this phenomenon is more 
significantly observed for the drop height of 2.5m. From these photos it is observed that 
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flexural cracks form and quickly penetrate deep into the compressive zone after the 
maximum contact (impact) force (maxPd) is attained and propagated during the 
deflection of the beam. This can be seen from Figure 6.15 which shows the variation 
with time of the contact force (generated in the impact region) and the deflections 
measured by the LVDTs located along the span of the beam. From these curves it is 
clear that when the maximum impact load (maxPd) is attained the deflection exhibited 
by the SFRC beam is a small fraction (close to zero) of the maximum deflection 
exhibited by the specimen after the impact load is applied.  
The crack-patterns developing after static and impact testing are presented in the photos 
included in Figure 6.25 to 6.32. Under static loading all specimens exhibited ductile 
behaviour with distributed flexural cracking developing along the specimen span and 
penetrating deep into the compressive zone resulting in a ductile, flexural type of 
failure. Under impact loading however, the cracking developing is more localised, 
exhibited primarily around the mid-span region (area where the impact load is applied) 
often resulting in more brittle and sometimes explosive form of failure. Furthermore, 
another set of cracks initiate at the upper face of the beams, at a certain distance from 
the mid-span, which extend vertically downwards towards the specimens’ bottom face. 
These crack patterns are in line with what is observed by other researchers 
experimentally [6.4]–[6.8] and numerically [6.9], [6.10] and essentially define the 
region of the RC beam reacting to the imposed impact load (effective length, Leff).  
After maxPd is attained, cracks continue to increase in width and further extend into the 
compressive zone as the deflection of the SFRC beam continues to increase due to 
inertia. In some cases the cracking sustained results in extensive disintegration of the 
concrete medium resulting in the SFRC beams to depend on residual (post-failure) 
mechanisms for transferring the applied load to the supports. When conducting 
consecutive drop-weight tests on the SFRC beam specimens, cracks that form during 
the initial test continue to widen and extend with every drop test, resulting in an increase 
in residual displacement, ultimately leading to the collapse of the specimen. As a reuslt, 
it can be suggested that the cracking forming during the first impact appears to be 
critical concerning how the specimen will behave during the following impacts. Based 
on the above it becomes evident that it is dificult to establish when the specimens have 
actually failled (i.e. stopped behaving as SFRC member and started depending on 
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residual load mechnaisms for tranferring the applied load to the supports). Therefore, 
the peak load measured during each test should not be confused with the load-carrying 
capcity of the SFRC memebers studied.  
Adding fibres to concrete mix causes beams which tested under drop weight impact to 
tolerate more consecutive impacts compared to the beams cast with no fibres. Fibres 
prevent the opening of cracks and cause the beam to show more deflection before 
complete failure (crushing due to reaching the ultimate capacity of compressive zone 
and yielding of longitudinal reinforcement). This phenomenon is more pronounced 
when comparing beams containing 5D fibres to the ones with 3D fibres.  
  
(immediately before contact)                                              tp= 0.28 msec (at maxPd) 
 
   
t =2msec (uplift and initiation of crack)                          𝑡d,max⁡⁡=15.288 msec (at maximum mid-span 
deflection)                                                                                      
Figure 6.23- Cracking process that the specimen undergo throughout the loading process for beam with 
3D1% fibre content under 1.5m drop-weight impact test 
 
  
(immediately before contact)                                              tp= 0.28 msec (at maxPd) 
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t=1.3 msec (uplift and initiation of crack)                  𝑡d,max⁡⁡=17.948 msec (at maximum mid-span 
                                                                            deflection)      
 Figure 6.24- Cracking process that the specimen undergo throughout the loading process for beam with 
3D1% fibre content under 2.5m drop-weight impact test 
  
(a) 
 
(b) 
  
(c) 
  
(d) 
Figure 6.25- Cracking process for beam with 0% fibre content under 1.5m drop-weight impact test for (a) 
static, (b) impact 1, (c) impact 2, and (d) impact 3 
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(a) 
   
(b) 
Figure 6.26- Cracking process for beam with 0% fibre content under 2.5m drop-weight impact test for (a) 
impact 1, and (b) impact 2 
  
(a) 
  
(b) 
  
(c) 
  
(d) 
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(e) 
Figure 6.27- Cracking process for beam with 3D1% fibre content under 1.5m drop-weight impact test for 
(a) static, (b) impact 1, (c) impact 2, (d) impact 3, and (e) impact 4 
  
(a) 
   
(b) 
Figure 6.28- Cracking process for beam with 3D1% fibre content under 2.5m drop-weight impact test for 
(a) impact 1, and (b) impact 2 
  
(a) 
  
(b) 
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(c) 
  
(d) 
  
                                                                                        (e) 
Figure 6.29- Cracking process for beam with 3D1.5% fibre content under 1.5m drop-weight impact test 
for (a) static, (b) impact 1, (c) impact 2, (d) impact 3, and (e) impact 4 
  
(a) 
  
(b) 
Figure 6.30- Cracking process for beam with 3D1.5% fibre content under 2.5m drop-weight impact test 
for (a) impact 1, and (b) impact 2 
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(a) 
  
(b) 
  
(c) 
  
(d) 
  
(e) 
Figure 6.31- Cracking process for beam with 5D1% fibre content under 1.5m drop-weight impact test for 
(a) static, (b) impact 1, (c) impact 2, (d) impact 3, and (e) impact 4 
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(a) 
  
(b) 
Figure 6.32- Cracking process for beam with 5D1% fibre content under 2.5m drop-weight impact test for 
(a) impact 1, and (b) impact 2 
6.7 Conclusions 
The test data obtained describing specimen response mainly during the initial stages of 
the drop-weight tests compared to that established during equivalent static testing 
reveals significant differences, which confirms the findings of published experimental 
and numerical studies carried out on similar slender RC and SFRC beam specimens. 
The following conclusions are drawn for the analysis of the test data obtained: 
 Under impact loading the RC and SFRC beam specimens are capable of 
withstanding higher values of loading compared to their load-carrying capacity 
established under equivalent static loading, while at the same time exhibiting a 
stiffer response.  
 The change in structural response is essentially attributed to the more localised 
response exhibited by the beams which is mainly confined to the mid-span 
region (i.e. the area at which the load is exerted) as the loading rate increases. 
This is likely to be linked to the inertial forces that develop along the span of the 
specimen as it deforms and the localised response exhibited.  
 The localised response exhibited under impact loading results in a reduction of 
the length of the beam responding to the applied load. This leads to an increase 
of the beam’s stiffness and load-carrying capacity as the loading rates increase.  
 In addition, analysis of the photographic evidence collected from the high speed 
camera reveals that under high-rate loading flexural cracking initiates after peak 
load is attained at the bottom face of the beam in the mid-span region and 
extends rapidly towards the upper face of the beam. 
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 The introduction of fibres into the concrete mix, results in increase of load 
carrying capacity and energy absorption of the structural elements under impact 
[6.11]–[6.13]. The deflection at the beam mid-span also increases compared to 
the RC case indicating the ductility provided by the steel fibres.   
 Based on the analysis of the high-speed camera record and the strain values, it 
can be concluded that high values of strain rate in the mid-span area of the beam 
are exhibited once the concrete medium suffers considerable cracking and, as a 
result, these high values of strain rate do describe the deformation of concrete 
but are linked to post-failure behaviour of a cracked area of the beam.  
 The values of strain rate in the critical early stages of the impact test were found 
to be lower than the threshold established experimentally over decades of testing 
describing the variation of the concrete compressive and tensile strength under 
different strain rates. Based on literature, an increase of concrete specimen 
strength occur at the values of the strain rates in the range of 100–1000 s-1 
[6.10]. Thus the increase in load-carrying capacity with the rate of loading 
observed in the present study cannot be attributed to an increase in the material 
strength due to strain rate sensitivity.  
 It should also be borne in mind that the terms failure and load-carrying capacity 
require careful qualification as it will first be necessary to establish the post-
impact performance criteria (such as the residual strength required and the level 
of damage that can be tolerated) in  order to arrive at meaningful estimates. 
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Chapter 7:  Drop weight testing of SFRC short beams  
7.1  General 
The work described herein sets out to investigate experimentally, via drop weight 
testing, the behaviour of short Steel Fibre Reinforced Concrete (SFRC) beam specimens 
under impact loading. The beams considered in this chapter are characterised by a shear 
span to depth ratio equal to 1.51 containing 3D or 5D Dramix steel fibres [7.1] which 
their characteristics have presented in the previous chapter. Prior to carrying out the 
drop-weight testing, the behaviour of the specimens were initially established 
experimentally under static loading for purpose of comparison. Table 7.1 provides a 
summary of the tests described in the present chapter accompanied by key parameters 
characterising the individual tests. It is noted that no beam containing 3D and Vf =1.5% 
was subjected to drop weight testing with the drop hammer was allowed to fall from 
2.5m due to problems encountered during the mixing and casting process as the 
workability of the concrete reduced significantly.  
Fibre 
type 
Vf 
Test 
type 
Test  
Name 
H (m) vi (m/s) 
- 0% 
Static 1S-0% N/A N/A 
Impact 
1D-0%-1.5m 1.5 5.42 
1D-0%-2.5m 2.5 7 
3D 
1.00% 
Static 1S-3D1% N/A N/A 
Impact 
1D-3D1%-1.5m 1.5 5.42 
1D-3D1%-2.5m 2.5 7 
1.50% 
Static 1S-3D 1.5% N/A N/A 
Impact 
1D-3D 1.5%-
1.5m 1.5 5.42 
5D 1.00% 
Static 1S-5D1% N/A N/A 
Impact 
1D-5D1%-1.5m 1.5 5.42 
1D-5D1%-2.5m 2.5 7 
Table 7.1- Experimental Programme 
The convention adopted for naming the tests in the present chapter is the same as that 
adopted in chapter 6. The name depends on the length of beam considered, type of load 
imposed, the type and the amount of fibre (Vf) introduced into the concrete mix, and the 
number of the consecutive impact imposed onto the specimen. Figure 7.1 explains the 
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convention adopted for naming each test. It should be noted that the first part shows the 
length of the beam, which is 1.0m.  
 
Figure 7.1- Naming convention for slender beams 
7.2  Specimens Characteristics 
The cross-section of the beams had the height (h) and width (b) of 300mm and 150mm 
respectively, whereas the full length (L) and the clear span (Lo) were 1.0m and 0.8m, 
respectively (see Figure 7.2). For every set of the beams considered, one specimen was 
subjected to static 3-point loading and the other two to drop-weight loading. All 
specimens had a shear span (αv=Lo/2) of 0.4m and the shear span to depth ratio equal to 
1.51 (αv/d=1.51). The arrangement of the reinforcement is described in Figure 7.2 and 
Table 7.2, whereas the material properties of each type of reinforcement bar used is 
provided in Figure 7.3. The reinforcement for the short beams considered in this section 
is designed in a way to have the beam to fail in shear. For this purpose, the shear 
reinforcement provided is under designed to make the shear failure to happen. 
The static load was applied in the form of displacement increments and increased 
monotonically to failure (forming of distinct diagonal crack from where load is applied 
to the support) at a constant rate. The drop weight had a mass of 124kg and was allowed 
to fall from different heights (1.5m and 2.5m) onto the mid-span region of each 
specimen in order to achieve two different values of impact velocity (5.42m/s and 
7.00m/s) and consequently generate impact loads characterised by two different values 
of loading rate and intensity (see Table 7.1).  
The stress-strain describing the behaviour of the steel bars used for the construction of 
the subject specimens under uniaxial tension are provided in Figure 7.3. The yield 
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strength (fy) of steel reinforcement was 536MPa, and 510MPa for 10mm and 16mm 
diameter bars, respectively with the young’s modulus of Er = 200GPa.  
 
Figure 7.2- Design of the RC beam specimen (units are in mm) 
Length (m) 
Tension 
Steel As 
Compression 
Steel As′  
Stirrups ρw=Asw/bs 
1.0 2xD16 2xD10 D8@200mm 0.335% 
Table 7.2- Reinforcement details of the SFRC beam specimens 
  
           (a)                                                                                    (b) 
Figure 7.3- Mechanical properties of steel reinforcement diameter (a) 10mm, (b) 16mm 
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7.3  Experimental setup for static testing  
The experimental setup employed for testing the behaviour of the beam specimens 
under static is the same as that employed for establishing the behaviour of the slender 
beam specimens in the previous chapter, and is shown in Figure 7.4.  
 
Figure 7.4- Static beam setup 
7.4  Experimental setup employed for drop-weight testing  
The drop-weight testing rig used for investigating the behaviour of the slender beams in 
Chapter 6 was also used for investigating the behaviour of the short beam specimens 
considered in the present chapter (see Figure 7.5). All specimens were tested as simply 
supported beams and were subjected to multiple drop-tests in order to study the 
behaviour exhibited during every consecutive impact. 130×100×6mm steel plates were 
placed at the supports and a 150×150×25mm steel plate was placed at the supports and 
in the impact regions (at the interface between the impactor and the beam) of the beams 
to avoid the development of high stress concentrations that could lead to cracking in 
these regions. The specimens were instrumented to measure the displacements, record 
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the deformation and cracking profiles exhibited at different stages of loading as well as 
the time-history of the impact and reaction forces developing during testing. Figure 7.6 
show the position of the instruments used along the span of the specimens, which 
consist of the following items: 
 A Linear Variable Differential Transducers (LVDTs) was mounted at the bottom of 
the beam to measure the mid-span deflection, it is labelled as Ch1 (see Figure 7.6) 
 A dynamic load-cell (labelled Ch4 in Figure 7.6) was attached to the bottom of the 
drop weight and used to measure the impact (contact) force generated during the 
collision of the drop-mass onto the specimen. Another dynamic load cell (Ch5 in 
Figure 7.6) was placed underneath right support to measure the variation of the 
reaction force generated with time 
 A data acquisition system was used capable of recording data at a sampling rate of 
35 KHz per channel. 
 Two Strain gauges were used to measure the strain in the compressive part of the 
beams, on the top and back of the beam.  
 Finally a high speed camera was used to record in detail the development and the 
propagation of cracking in the impact region throughout the loading process. 
 
(a) 
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(b) 
Figure 7.5- Experimental setup used for conducting drop weight testing (a) the drop-weight (impact) 
used, (b) the position of the instruments used for recording specimen response during testing  
 
Figure 7.6- Instruments used during drop-weight testing in order to record the behaviour exhibited by the 
slender SFRC beam specimens 
7.5  Specimen behaviour under static loading 
The behaviour of beam specimen under static loading is presented in Figure 7.7 in the 
form of curves describing the relation between the applied load and the deflection at 
mid-span. These curves reveal that the beam specimens exhibited brittle behaviour, 
resulting in the formation of shear cracks extending along the full height of the 
specimen, from point at which the load is imposed to the support. The experimentally 
established behaviour were in line with predictions of the design codes employed 
(Eurocode 2) [7.2] (see Table 7.3). 
Ch1 LVDT 
Ch2 Top Strain Gauge 
Ch3 Back Strain Gauge 
Ch4 Load Cell 
Ch5 Load Cell 
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Figure 7.7- Load-displacement curve obtained for the beam specimens under static loading monotonically 
applied to failure with the fibre content of 0%, 3D1%, 3D1.5%, and 5D1% 
 
Specimen 
name 
Pf (kN) Vc (kN) 
1S-0% 246.84 194.16 
1S-3D1% 270.18 265.71 
1S-3D1.5% 281.60 301.49 
1S-5D1% 280.34 297.51 
Table 7.3- Predicted static flexural and shear capacity of the beams [7.2] 
The cracking process that the specimens underwent is shown in Figure 7.8 to 7.11. All 
specimens exhibited a shear mode of failure characterised by the development of 
inclined cracking in the shear span. The cracks initiated at the bottom face of the 
specimen close to the support and gradually extended (at an angle of 45 degrees)) 
towards the top face of the specimen close to the point where the load was imposed. 
Some (fine) flexural cracking also developed in the mid-span region of the specimen. 
The latter cracking did not affect the mode of failure exhibited. Adding fibres into 
concrete mix resulted in an increase in load-carrying capacity and ductility, as the fibres 
appear to successfully resist the cracking process that the specimen underwent before 
and after peak load was attained.  
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                                     (a)                                                                                    (b) 
   
(c)  
Figure 7.8- Crack profiles developing along the span of beam 1S-0% at (a) crack initiation (Pcr = 0.34× 
maxPs =75kN) (b) peak load (maxPs = 220kN), and (c) failure 
                         
                                     (a)                                                                                    (b) 
 
(c) 
Figure 7.9- Crack profiles developing along the span of beam 1S-3D1% at (i) crack initiation (Pcr = 
0.42×maxPs =140kN) (b) peak load (maxPs = 337kN), and (c) collapse (the end of the loading process) 
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                                     (a)                                                                                    (b) 
 
(c) 
Figure 7.10- Crack propagation for beams with 3D1.5% fibre content of loading (a) crack initiation (Pcr = 
0.36×maxPs=90kN), (b) peak load (maxPs =250kN) and (c) failure 
  
                                     (a)                                                                                    (b) 
 
(c) 
Figure 7.11- Crack propagation for beams with 5D1% fibre content of loading (a), crack initiation (Pcr = 
0.16×maxPs=50kN), (b) peak load (maxPs =319kN) and (c) failure 
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7.6  Behaviour exhibited during drop-weight testing 
During drop-weight testing emphasis is focused on establishing the variation of 
important behavioural characteristics of the specimens throughout the loading process. 
These characteristics include the impact and reaction forces generated, the movement of 
the drop-weight and the displacement at specific points marked along the element span 
(see Figure 7.6) as well as the strains (and associated strain rates) developing in 
particular regions of the specimens. The crack patterns and deformation profiles 
exhibited by the specimens at different stages of the loading process as well as the mode 
of failure are also monitored as they provide an indication of the internal state of stress 
of the specimen.  
7.6.1  Impact force and support reactions 
The curves presented in Figure 7.12 to 7.18 show the variation of the impact and 
reaction forces recorded during the first 10ms (0.01s) of each impact (drop-weight) test, 
starting from just before the impactor comes into contact with the specimen and 
finishing when the values of the impact and reaction forces eventually become equal to 
a small fraction of their peak values. It is noted that the values respresenting the total 
reaction forces presented in Figure 7.12 to 7.18 are the values measured on the right 
hand side support of the specimens multiplied by a factor of 2 assuming that the 
reaction forces developing on the left-hand side support are the same.  
The curves describing the variation of the impact force with time reveals that it 
increases rapidly (immediately after the drop mass comes into contact with the 
specimen) to a maximum value (maxPd) and then quickly reduces. The overall duration 
of the impact force is less than 2ms. It is interesting to note that the form of these curves 
is characterised by single peak followed by some secondary peaks, likely to be 
associated with secondary impacts being exhibited between the specimens, the pads and 
the drop-mass during the loading process. The curves describing the time-history of the 
reaction forces throughout the loading process reveal that the latter forces start 
increasing with a delay compared to the impact forces generated in the impact region. 
This delay is associated with the time required by the stress waves, generated during 
impact, to reach the supports. It is also interesting to note that the curves describing the 
time history of the reaction forces are also characterised by multiple peaks due to the 
secondary impacts referred to earlier and the oscillation exhibited by the specimen. It is 
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also observed that the peak reaction (maxRs) force generated during drop-weight testing 
decrease with every consecutive impact. This was not observed in the case of the peak 
impact (maxPd) force. 
Based on the curves presented in Figure 7.12 to 7.18, a number of key parameters are 
identified. These include the peak values (intensities) of the impact (maxPd) and 
reaction (maxRd) forces generated during testing and the corresponding time at which 
these values are attained (tP and tR respectively), the average loading rate (?̇? = maxPd /tP) 
and the time interval (delay) between the peak impact and peak reaction forces (ΔtP-R 
=tR- tP). The values of the above parameters are provided in Table 7.4. It is noted that 
because in some cases some data is missing due to instrumentation failing to record (due 
to the LVDT disconnected being from the surface of specimen during the application of 
the impact force). In such cases the peak and residual deflection at different points long 
the element span is established through analysis of the available photographic evidence 
recorded by the HS camera. In the case of tests 1D-0%-1.5m-2, 1D-3D1.5%-1.5m-4, 
and 1D-3D1.5%-1.5m-8 no data was recorded due to the data acquisition system failing 
to trigger and as a consequence only the residual deflection at mid-spam, the defamation 
profile and the associated crack-patterns were recorded after testing.  
In addition to the above, further analysis of the results presented in Figure 7.12 to 7.18 
reveals that the number of consecutive blows (n) the specimens could undertake is 
associated with the height (Hi) from which the impactor is allowed to drop (the latter 
determines the impact velocity and the impact energy) and the amount of fibres 
introduced into the concrete mix (expressed by the fibre content Vf). Specimens with no 
fibres (Vf = 0) were able to sustain 4 and 2 consecutive impacts when the drop-mass was 
allowed to fall form a height (Hi) of 1.5m and 2.5m respectively. It was also observed 
that the number of blows (n) the specimens could to undertake increases significantly 
with the introduction of fibres into the concrete. 
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      (a) 1st impact                                                         (b) 2nd impact 
  
      (c) 3rd impact                                                         (d) 4th impact 
Figure 7.12- Variation of impact and reaction forces with time when the beam specimen with no fibres (Vf 
= 0%) is subjected to 4 consecutive drop tests (with the drop mass being allowed to fall from a height of 
1.5m) 
  
   
      (a) 1st impact                                                         (b) 3rd impact 
  
      (c) 5th impact                                                         (d) 7th impact 
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      (e) 9th impact 
Figure 7.13- Variation of impact and reaction forces with time when the beam specimen with 3D fibres 
and Vf = 1.0% is subjected to 9 consecutive drop tests (with the drop mass being allowed to fall from a 
height of 1.5m) 
   
      (a) 1st impact                                                         (b) 3rd impact  
 
      (c) 5th impact                                                         (d) 7th impact
  
 (e) 9th impact 
Figure 7.14- Variation of impact and reaction forces with time when the beam specimen with 3D fibres 
and Vf = 1.5% is subjected to 10 consecutive drop tests (with the drop mass being allowed to fall from a 
height of 1.5m) 
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      (a) 1st impact                                                         (b) 3rd impact 
   
   
      (c) 5th impact                                                         (d) 7th impact 
 
 
(e) 9th Impact 
Figure 7.15- Variation of impact and reaction forces with time when the beam specimen with 5D fibres 
and Vf = 1.0% is subjected to 9 consecutive drop tests (with the drop mass being allowed to fall from a 
height of 1.5m) 
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      (a) 1st impact                                                         (b) 2nd impact 
 
Figure 7.16- Variation of impact and reaction forces with time when the beam specimen with no fibres is 
subjected to 2 consecutive drop tests (with the drop mass being allowed to fall from a height of 2.5m) 
    
      (a) 1st impact                                                         (b) 2nd impact 
      
(3) 3rd impact 
Figure 7.17- Variation of impact and reaction forces with time when the beam specimen with 3D fibres 
and Vf = 1.5% is subjected to 3 consecutive drop tests (with the drop mass being allowed to fall from a 
height of 2.5m) 
   
      (a) 1st impact                                                         (b) 2nd impact 
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      (c) 3rd impact                                                         (d) 4th impact 
Figure 7.18- Variation of impact and reaction forces with time when the beam specimen with 5D fibres and 
Vf = 1% is subjected to 4 consecutive drop tests (with the drop mass being allowed to fall from a height of 
2.5m) 
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    m MPa MPa kN kN  ms ms kN/ms mm mm kN   
- 0% 
D-0%-1.5m-1 1 
1.5 22.90 29.81 
454.90 381.93 1.19 0.70 1.54 649.86 -8.78 -4.29 200.00 2.27 0.84 
D-0%-1.5m-2 2 502.94 303.61 1.66 0.45 1.46 1122.64 -14.11 -9.20 200.00 2.51 1.01 
D-0%-1.5m-3 3 539.22 234.94 2.30 0.70 1.43 770.31 -15.77 -14.72 200.00 2.70 0.73 
D-0%-1.5m-4 4 337.25 232.53 1.45 0.78 1.71 430.17 -15.06 -17.04 200.00 1.69 0.92 
D-0%-2.5m-1 1 
2.5 18.92 27.53 
585.29 640.96 0.91 0.73 2.13 803.98 -9.69 -5.44 200.00 2.93 1.40 
D-0%-2.5m-2 2 572.55 363.86 1.57 0.78 2.16 734.04 -16.87 -11.90 200.00 2.86 1.38 
3D 
1% 
D-3D1%-1.5m-1 1 
1.5 - 38.53 
562.75 613.25 0.92 0.50 2.21 1116.56 -7.44 -3.36 337.00 1.67 1.71 
D-3D1%-1.5m-2 2 658.82 536.14 1.23 0.45 1.68 1470.59 -10.16 -4.50 337.00 1.95 1.23 
D-3D1%-1.5m-3 3 680.39 443.37 1.53 0.42 1.68 1619.98 -11.08 -5.65 337.00 2.02 1.26 
D-3D1%-1.5m-4 4 698.04 421.69 1.66 0.50 1.85 1385.00 -12.30 -6.58 337.00 2.07 1.34 
D-3D1%-1.5m-5 5 661.76 413.25 1.60 0.48 1.96 1390.26 -13.18 -7.71 337.00 1.96 1.48 
D-3D1%-1.5m-6 6 633.33 402.41 1.57 0.50 2.27 1256.61 -15.53 -8.90 337.00 1.88 1.76 
D-3D1%-1.5m-7 7 511.76 290.36 1.76 0.42 2.88 1218.49 -18.11 -12.91 337.00 1.52 2.46 
D-3D1%-1.5m-8 8 493.14 262.65 1.88 0.50 2.74 978.45 -23.00 -14.40 337.00 1.46 2.24 
D-3D1%-1.5m-9 9 481.37 226.51 2.13 0.50 2.88 955.10 -27.70 -20.57 337.00 1.43 2.38 
D-3D1%-2.5m-1 1 
2.5 - 26.52 
664.71 412.05 1.61 0.76 1.65 879.24 -9.57 -2.19 337.00 1.97 0.90 
D-3D1%-2.5m-2 2 729.41 375.90 1.94 0.92 2.32 789.41 -13.03 -6.46 337.00 2.16 1.40 
1D-3D1%-2.5m-3 3 583.33 262.65 2.22 0.45 2.07 1302.08 -23.23 -18.10 337.00 1.73 1.62 
1.5% 
D-3D1.5%-1.5m-1 1 
1.5 - 21.87 
591.18 377.11 1.57 0.42 1.68 1407.56 -7.37 -3.17 250.00 2.36 1.26 
D-3D1.5%-1.5m-2 2 430.39 374.70 1.15 0.45 1.85 960.70 -10.51 -2.21 250.00 1.72 1.40 
D-3D1.5%-1.5m-3 3 342.16 367.47 0.93 0.45 1.93 763.74 -8.63 -2.23 250.00 1.37 1.48 
D-3D1.5%-1.5m-4 4 348.04 367.47 0.95 0.42 1.93 828.66 -8.56 -2.24 250.00 1.39 1.51 
D-3D1.5%-1.5m-5 5 296.08 368.67 0.80 0.78 1.90 377.65 -8.49 0.87 250.00 1.18 1.12 
D-3D1.5%-1.5m-6 6 365.69 368.67 0.99 0.70 1.85 522.41 -7.61 -2.38 250.00 1.46 1.15 
D-3D1.5%-1.5m-7 7 411.76 356.63 1.15 0.70 1.88 588.24 -11.16 -4.61 250.00 1.65 1.18 
D-3D1.5%-1.5m-8 8 428.43 313.25 1.37 0.87 2.07 493.58 -14.49 -7.36 250.00 1.71 1.20 
D-3D1.5%-1.5m-9 9 357.84 296.39 1.21 0.78 2.27 456.43 -18.34 -10.62 250.00 1.43 1.48 
D-3D1.5%-1.5m-
10 
10 426.47 251.81 1.69 0.92 2.24 461.55 -23.61 -13.96 250.00 1.71 1.32 
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5D 
   m MPa MPa kN kN  ms ms kN/ms mm mm kN   
1% 
D-5D1%-1.5m-1 1 
1.5 33.13 39.73 
628.77 673.49 0.93 0.70 1.71 898.24 -6.00 -2.91 319.00 1.97 1.01 
D-5D1%-1.5m-2 2 631.37 754.22 0.84 0.45 1.54 1409.31 -8.64 -4.65 319.00 1.98 1.09 
D-5D1%-1.5m-3 3 601.96 662.65 0.91 0.73 1.74 826.87 -10.52 -5.54 319.00 1.89 1.01 
D-5D1%-1.5m-4 4 795.10 612.05 1.30 0.45 1.62 1774.77 -11.36 -5.63 319.00 2.49 1.18 
D-5D1%-1.5m-5 5 749.02 663.86 1.13 0.45 1.54 1671.92 -11.40 -5.52 319.00 2.35 1.09 
D-5D1%-1.5m-6 6 753.92 601.20 1.25 0.36 1.46 2071.21 -11.18 -4.58 319.00 2.36 1.09 
D-5D1%-1.5m-7 7 561.76 538.55 1.04 0.45 1.65 1253.94 -11.09 -7.40 319.00 1.76 1.20 
D-5D1%-1.5m-8 8 450.98 461.45 0.98 0.31 1.85 1464.22 -13.32 -9.45 319.00 1.41 1.54 
D-5D1%-1.5m-9 8 514.71 418.07 1.23 0.67 1.65 765.93 -17.29 -13.65 319.00 1.61 0.98 
D-5D1%-2.5m-1 1 
2.5 33.13 39.73 
961.76 443.37 2.17 0.42 1.34 2289.92 -7.57 -3.72 319.00 3.01 0.92 
D-5D1%-2.5m-2 2 967.65 554.22 1.75 0.39 1.34 2468.49 -12.11 -4.61 319.00 3.03 0.95 
D-5D1%-2.5m-3 3 890.20 487.95 1.82 0.36 1.29 2445.59 -14.69 -10.18 319.00 2.79 0.92 
D-5D1%-2.5m-4 4 767.65 415.66 1.85 0.48 1.34 1612.70 -20.72 -13.99 319.00 2.41 0.87 
Table 7.4- Key values established based on the curves describing time-histories of the impact and 
reaction forces generated during each drop-weight tests 
In some of the tests the data obtained reveals that the peak values of the impact force 
(maxPd) are approximatelly equal with the sum of the reaction forces (maxRd) 
developing at the supports. When maxPd and maxRd have similar values this suugests a 
low level of damage is suatained by the specimen during impact as the impossed force 
is largly transferred to the supports through the specimen. The similar or haigher values 
of maxRd than maxPd is also due to multiplying the reaction force obtained from one 
side by 2, and assuming that the same reaction forces develop on either side of the 
beam. The peak values of the reaction forces on either side may not be the same 
depending on which side of the beam has sustained more cracking. Intersetingly, as the 
beam is subjected to consequnive impacts, the peak value of the reaction forces (maxRd) 
starts to decreases due to the increasing level of damage sustained by the specimen 
during every consequtive impact. As a consequence a large portion of the impact energy 
(introduced by the impactor) is lost due to the damage (cracking) suffered by the 
specimen. Increasing levels of cracking exhibited with every consecutive impact also 
results in the stress waves generated at the impact region to travel with lower speeds 
through the concrete medium towards the supports. This is evidenced by the values of 
ΔtP-R = tR- tP provided in Table 7.4 which increase with every consecutive drop tests 
carried out.  
 
         
 
201 
 
Figure 7.19 and Figure 7.20 show the variation of maxPd (i.e. the peak impact force) 
and maxRd (peak reaction force) recorded for beam specimens with different values of 
fibre content when subjected to consecutive drop tests when the impactor was allowed 
to fall from a height of 1.5m or 2.5m. Considering the variation of maxPd recorded 
during every consecutive impact (characterised by Hi =1.5m) it is observed that there is 
no clear trend characterising the values obtained. Further analysis of the data recorded 
reveals that the values of maxRd become higher with increasing values of fibre content 
when conducting impact tests with Hi = 1.5m or 2.5m. This observation suggests that 
the fibres effectively contribute to the integrity of the specimen by reducing the level of 
damage sustained during impact loading. The beams containing 5D with Vf=1% exhibit 
higher values of maxPd and maxRd compared to the values recorded when testing beams 
with 3D fibres and Vf=1%. This is attributed to the longer length of the 5D fibres which 
allows them to more effectively resist the cracking process these specimens undergo and 
the lower level of damage sustained by the specimens with 5D fibres. Increasing values 
if Vf do not necessarily result in increase of DIF (maxPd/maxPs and maxRd/maxPs) (see 
Figure 7.22 and Figure 7.23). The data forms a cloud with DIF ranging between 1 to 3 
for impact force and between 0.78 to 3.20 for reaction force for loading rate of 
1000kN/ms.  
   
         (a)                                                                                  (b)  
Figure 7.19- Variation of maxPd recorded during consecutive drop tests when the impactor was allowed 
to drop from a height of (a) Hi = 1.5m and (b) Hi = 2.5m 
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         (a)                                                                                  (b)  
Figure 7.20- Variation of maxRd recorded during consecutive drop tests when the impactor was allowed 
to drop from a height of (a) Hi = 1.5m and (b) Hi = 2.5m 
  
         (a)                                                                                  (b)  
Figure 7.21- Variation of ΔtP-R  recorded during consecutive drop tests when the impactor was allowed to 
drop from a height of (a) Hi = 1.5m and (b) Hi = 2.5m 
  
         (a)                                                                                  (b)  
Figure 7.22- Variation of DIF = maxPd/maPs with loading rate when the beam specimen where subjected 
to drop tests with the impactor allowed to drop from a height of (a) Hi = 1.5m and (b) Hi = 2.5m 
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         (a)                                                                                  (b)  
Figure 7.23- Variation of DIF = maxRd/maRs with loading rate when the beam specimen where subjected 
to drop tests with the impactor allowed to drop from a height of (a) Hi = 1.5m and (b) Hi = 2.5m 
7.6.2  Displacement data and deformation profiles 
During testing the vertical displacement exhibited at the mid-span of the beam 
specimens is measured through the use of an LVDT (see Figure 7.6). Furthermore, a 
high-speed (HS) camera is used to track the movements of specific points marked on the 
side of the beam in the form of a grid along the specimen length defined between the 
locations at which the load was applied (mid-span) and the left-hand-side support. 
Figure 7.24 show a comparison between the displacement time histories measured by 
the LVDT at mid-span (Ch1) and that obtained from the HS camera for the case for 
different specimen when subjected to impact. Overall, the values obtained by LVDT are 
larger than the values obtained from tracker, as the tip of the LVDT was attached to the 
surface of the beam through the use of silicon (to avoid damaging the LVDTs during 
testing) which deformed during the application of the impact load. As a consequence the 
measurements obtained from the analysis of the photographic evidence (recorded by the 
high speed camera) are considered more representative of the behaviour exhibited by 
the beams specimens during drop-weight testing. 
Figure 7.25 shows the time-histories of (i) the displacement recorded along the span of 
the beams and (ii) the contact force generated at the impact region. From the latter 
curves it is clear that when the maximum impact load (maxPd) is attained the deflection 
exhibited by the RC beam, even at mid-span, is a small fraction (close to zero) of the 
maximum displacement exhibited by the same specimen after the impact load is 
applied.  
The variation of the vertical deflection exhibited at specific points along the element 
span (selected at 100mm intervals from mid-span) established through analysis of the 
 
         
 
204 
 
photographic evidence recorded from the high speed camera are presented in Figure 
7.26. Because the beams are characterised by a small shear span to depth ratio (av/d = 
1.51) the full span of the beams react to imposed load. Furthermore, the deformation 
profile of the beams are very similar, except in the cases where shear cracks form 
resulting in a discontinuity and separating the span of the beam into two portions. The 
curves in Figure 7.26 once again demonstrate that the problem at hand is a wave 
propagation problem as the points closer to the impact (mid-span) region start moving 
first. As the stress waves move away from the impact region the points located further 
away from the mid-span also start moving. By considering deformation profile in Figure 
7.27 at maximum deflection and crack initiation, it is observed that localised response 
does not happen as pronounced as slender beams considered in the previous chapter, 
because of the short span of the beams studied here, the points located at different 
locations of the beam move due to the impact, and the beam shows global response, this 
phenomenon is more observed by beams containing fibres (especially 5D fibres) then 
beams containing no fibres.   
        
(a)                                                                              (b) 
 
(c)                                                                    (d) 
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        (e)                                                                    (f)  
Figure 7.24- Correlation between the deflection time histories obtained from LVDT and the analysis 
obtained from the HS camera  
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(c)                                                                                
 
 (d) 
Figure 7.25- Impact force and displacement time histories recorder during impact tests with beams with 
fibre content (a) 0%-1.5m impact, (b) 0%-2.5m impact, (c) 3D1%-1.5m impact, and (d) 3D1%-2.5m 
impact 
  
(a) 
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(b) 
 
(c) 
   
(d) 
Figure 7.26- Variation of the vertical deflection of a series of points at different locations along the beam 
span obtained from analysis from the HS camera under 1.5m and 2.5m drop height impact, under the 1st 
impact, for beams with fibre content: (a) 0% , (b) 3D1% , (c) 3D1.5% , and (d) 5D1% 
   
    (a)                                                                                (b)  
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(c)                                                                                (d)  
Figure 7.27- Deformation profile along the beam span obtained from analysis from the HS camera under 
(a) maximum deflection at 1.5m drop height impact, (b) maximum deflection at 2.5m drop height impact, 
(c) deflection at crack initiation at 1.5m drop height impact, and (d) deflection at crack initiation at 2.5m 
drop height impact 
7.6.3  Strains and strain rates 
The variation of the strain values measured by the strain-gages (Ch2 and Ch3, see 
Figure 7.6) located on (or close to) the top surface and back of the beam (in 
compression) at a distance of 135 mm form mid-span are presented in Figure 7.28(a-f) 
whereas the calculated values of the corresponding strain rates are shown in Figure 
7.29(a-f). It is interesting to observe that the values of strain rates are small, not 
exceeding 3s-1.  
The curves depicted in Figure 7.28 and Figure 7.29 reveal that the peak values of strain 
are attained a few msec after the impactor comes into contact with the specimen, 
approximately at the same time at which the impact load attains its peak value (maxPd) 
and not when the maximum deflection (maxdd) is reached (well after maxPd is attained). 
This essentially suggests the development of higher internal actions during the initial 
stages of the loading process when localised response is exhibited.  
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    (c)                                                                       (d) 
  
          (e)                                                                    (f) 
Figure 7.28- Variation of strain measurements obtained from the top and back strain gauges for beam 
impact tests (a) 1D-0%-1.5m-1, (b) 1D-0%-2.5m-1, (c) 1D-3D1%-1.5m-1, (d) 1D-3D1%-2.5m-1, (e) 1D-
3D1.5%-1.5m-1, and (f) 1D-5D1%-2.5m-1 
  
(a)                                                                          (b) 
(c)                                                                 (d) 
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    (e)                                                                    (f) 
Figure 7.29- Variation of strain rate obtained for beam impact tests (a) 1D-0%-1.5m-1, (b) 1D-0%-2.5m-
1, (c) 1D-3D1%-1.5m-1, (d) D-3D1%-2.5m-1, (e) 1D-3D1.5%-1.5m-1, and (f) 1D-5D1%-2.5m-1 
7.6.4  Cracking Process and exhibited mode of failure under static loading 
Frames obtained from the high speed (HS) camera at different stages of the loading 
process during impact testing for beam with 0%, 3D1% and 5D1% fibre content under 
2.5m drop-height impacts are presented in Figure 7.30. The high-speed camera focuses 
on the left-hand side portion of the subject specimens, between the mid-span region and 
the left support. From these photos it is observed that flexural and shear cracks form and 
quickly penetrate deep into the compressive zone or propagate toward support after the 
maximum contact (impact) force (maxPd) is attained and propagated during the 
deflection of the beam. It can be observed by Figure 7.30 that initial crack happens at an 
earlier time (at the same time of uplift of the impactor) for the beam with no fibre 
content subjected to 2.5m drop-weight impact while it happens at a later time for beams 
containing fibres. This can be seen from Figure 7.25 which shows the variation with 
time of the contact force (generated in the impact region) and the deflections measured 
by the tracking points located along the span of the beam by HS camera. From these 
curves it is clear that when the maximum impact load (maxPd) is attained the deflection 
exhibited by the SFRC beam is a small fraction (close to zero) of the maximum 
deflection exhibited by the specimen after the impact load is applied.  
The cracking process presented in Figure 7.31 to 7.37 shows under static loading all 
specimens considered in this study are predicted to exhibit brittle behaviour 
characterised by shear cracks gradually extending from loading point to the support with 
increasing levels of applied loading, ultimately resulting in a brittle shear type of failure 
for beams with no fibre content, and shear/flexural failure for beams containing 
different amounts of steel fibre. Under impact loading however, the cracking developing 
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is both shear and flexural often resulting in more brittle and sometimes explosive form 
of failure.  
After the maximum impact force (maxPd) is attained, cracks start developing and 
continue to increase in width and further extend into the compressive zone as the 
deflection of the SFRC beam continues to increase due to inertia. In some cases the 
cracking sustained results in extensive disintegration of the concrete medium resulting 
in the SFRC beams to depend on residual (post-failure) mechanisms for transferring the 
applied load to the supports with the help of fibres and dowel and catenary action. When 
conducting consecutive drop-weight tests on the SFRC beam specimens, cracks that 
form during the initial test continue to widen and extend with every drop test, resulting 
in an increase in residual displacement, ultimatelly leading to the collapse of the 
specimen.         
  
   (Immediately before impact)                                     tp= 0.73 msec (at maxPd) 
 
  
t =1.57 msec (uplift of the impactor and crack initiation)     𝑡d,max⁡⁡=4.5 msec (at maximum mid-span deflection) 
(a) 
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   (Immediately before impact)                                                     tp= 0.76 msec (at maxPd)                                      
   
              t= 1.48 msec (uplift of the impactor)                                            t= 2 msec (crack initiation) 
 
𝑡d,max⁡⁡= 4.7 msec (at maximum mid-span deflection) 
    (b)     
  
   (Immediately before impact)                                                     tp= 0.42 msec (at maxPd)   
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t =1.04 msec (uplift of the impactor)                  t=2 msec (crack initiation) 
                                  
𝑡d,max⁡⁡=4.5 msec (at maximum mid-span deflection) 
(c) 
Figure 7.30- Cracking process that the specimen undergo throughout the loading process for beam with 
(a) 0%, (b) 3D1%, and (c) 5D1% fibre content under 2.5m drop-weight impact test 
 
(a) static 
          
(b) Impact 1                                                                  (c) Impact 2 
  
                          (d) Impact 3                                                                  (e) Impact 4                    
Figure 7.31- Cracking process for beam with 0% fibre content under 1.5m drop-weight impact test for (a) 
static, (b) impact 1, (c) impact 2, (d) impact 3, and (e) impact 4 
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                            (a) Impact 1                                                                 (b) Impact 2 
Figure 7.32- Cracking process for beam with 0% fibre content under 2.5m drop-weight impact test for (a) 
impact 1, and (b) impact 2 
 
(a) static 
  
   (b) Impact 1                                                                  (c) Impact 3 
   
                                  (d) Impact 5                                                                        (e) Impact 7 
 
(f) Impact 9 
Figure 7.33- Cracking process for beam with 3D1% fibre content under 1.5m drop-weight impact test for 
(a) static, (b) impact 1, (c) impact 3, (d) impact 5, (e) impact 7, and (f) impact 9 
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                        (a) Impact1                                                                (b) Impact 2 
 
(c) Impact 3 
Figure 7.34- Cracking process for beam with 3D1% fibre content under 2.5m drop-weight impact test for 
(a) impact 1, (b) impact 2, and (c) impact 3 
 
(a) static 
  
  (b) Impact 1                                                                        (c) Impact 3 
  
  (d) Impact 5                                                                      (e) Impact 7 
 
(f) Impact 10 
Figure 7.35- Cracking process for beam with 3D1.5% fibre content under 1.5m drop-weight impact test 
for (a) static, (b) impact 1, (c) impact 3, (d) impact 5, (e) impact 7, (f) impact 10 
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(a) static 
  
                  (b) Impact 1                                                                               (c) Impact 3 
  
                      (d) Impact 5                                                                         (e) Impact 7 
 
(f) Impact 10 
Figure 7.36- Cracking process for beam with 5D1% fibre content under 1.5m drop-weight impact test for 
(a) static, (b) impact 1, (c) impact 3, (d) impact 5, (e) impact 7, and (f) impact 10 
      
(a) Impact1                                                                            (b) Impact 2 
    
(c) Impact 3                                                                             (d) Impact 4 
Figure 7.37- Cracking process for beam with 5D1% fibre content under 2.5m drop-weight impact test for 
(a) impact 1, (b) impact 2, (c) impact 3, and (d) impact 4 
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7.7  Conclusions 
The following conclusions are drawn for the analysis of the obtained test data: 
 The study of RC and SFRC beam specimens shows that the use of fibres, at 
different volume fractions (e.g. Vf  of 0.8%, 1% and 2%) studied, results in 
increase of load carrying capacity and energy absorption of the structural 
elements under impact [7.3]–[7.5]. The deflection at the beam mid-span also 
increases compared to the RC case indicating the ductility provided by the steel 
fibres. The extent of the effective length around the point of application of the 
impact load seems to also improve due to the addition of fibres (albeit still 
decreasing as the loading rate increases).  
 During testing the strain developing along the specimen span (normal to the 
beam cross-section) reaches its peak value at the same time at which the impact 
load attains its maximum value (maxPd), shortly after the impactor collides onto 
the beam at mid-span.  
 Based on the analysis of the high-speed camera record and the strain values, it 
can be concluded that the values of strain rate in the critical early stages of the 
impact test were found to be lower than the threshold established experimentally 
over decades of testing describing the variation of the concrete compressive and 
tensile strength under different strain rates.  
 Based on literature, an increase of concrete specimen strength occur at the 
values of the strain rates in the range of 100–1000 s-1 [7.6]. Thus the increase in 
load-carrying capacity with the rate of loading observed in the present study 
cannot be attributed to an increase in the material strength due to strain rate 
sensitivity.  
 It should also be borne in mind that the terms failure and load-carrying capacity 
require careful qualification as it will first be necessary to establish the post-
impact performance criteria (such as the residual strength required and the level 
of damage that can be tolerated) in  order to arrive at meaningful estimates. 
 The data presented in Figure 7.25 shows that the displacement recorded along 
the span of the beam when maxPd is achieved is only a small fraction of the 
maximum deflection (maxdd) measured at mid-spam. This, in combination with 
the deformation profile along the beam span in Figure 7.26 and Figure 7.27 
demonstrates that the beams exhibit localised response confined to the portion of 
the element span around the mid-span (impact) region.  
 The localised response, which is clearly observed for the beam without any fibre 
content, significantly affects the mechanics underlying the behaviour of the 
subject specimens as the length of the beams reacting to the imposed load is 
characterised by a smaller shear span as well as different boundary conditions 
compared to those of the whole specimen when subjected to equivalent static. 
This is evidenced by the differences characterising the crack patterns observed 
under impact and equivalent static loading.  
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 After peak load (maxPd) is attained the specimens continue to deform reaching a 
maximum deflection at mid-span considerably higher compared to that 
corresponding to maxPd. During this phase of the loading process the response 
becomes gradually increasingly global due to the damage suffered locally at 
mid-span and the fact that the waves generated in the impact region reach the 
supports resulting in the full span of the beam reacting to the imposed load 
beyond this point.  
 Adding steel fibres to concrete medium, cause the RC beam show more global 
response during different stages of impact loading process which in result cause 
more distributed cracks along the beam, this effect is more significantly 
observed when beams are reinforced with 5D1% fibre.  
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Chapter 8:  Numerical Analyses of SFRC Specimens under Varying 
Rates of Loading 
8.1 Introduction 
This chapter presents the results obtained from Non-Linear Finite Element Analysis 
using ABAQUS (see Chapter 3, Section 3.3, which provides a description of the finite 
element models used) aiming to realistically predict the behaviour of the SFRC 
specimens investigated experimentally in the previous chapters. The first part of this 
chapter focuses on investigating numerically the behaviour of cylindrical specimens 
(made from plain and steel fibre reinforced concrete) when subjected to uniaxial 
compression. The behaviour of these specimens was established experimentally in 
Section 5.4. The numerical study then focuses on studying numerically the behaviour of 
the SFRC notched beams (not containing conventional reinforcement) which was 
established experimentally by carrying out 3-point bending tests (see Section 5.5) in 
order to assess the effect of fibres on concrete material tensile behaviour when subjected 
to static and impact loading. Finally nonlinear finite element analysis is employed to 
study the behaviour of the SFRC beam specimens (which included conventional 
reinforcement) under impact and static loading. The behaviour of the latter specimen 
was experimentally established in Chapters 6 and 7. In all cases considered the 
numerical predictions obtained are compared to their experimentally established 
counterparts in order to assess the accuracy of the numerical predictions obtained. Once 
finite element models developed and their predictions are validated (against the 
available test data), they are used to study the mechanics underlying the behaviour of 
RC and SFRC beam specimens when subjected to static and impact loading as well as 
the effects of steel fibres on the ensuing structural responses. 
As discussed in Chapter 3, a number of material models are available in ABAQUS 
which can be used to describe the material behaviour of concrete and SFRC. 
Furthermore, it was established that the concrete Damaged Plasticity (DP) and the 
Brittle Cracking (BC) model can provide accurate predictions that correlate closely to 
available test data. The Damaged Plasticity model is capable of providing predictions 
concerning the behaviour of the reinforced concrete beams under static loading while 
Brittle Cracking model can provide more accurate prediction for specimens under 
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impact loading. It is noted however that the Damaged Plasticity model requires a 
considerable number of parameters to be specified (calibrated) to enable it to provide 
accurate predictions concerning concrete material behaviour. 
8.2 Cylinders modelling under compression 
Chapter 5 discusses the results obtained from a series of tests carried out on plain and 
SFRC cylinders subjected to uniaxial compression. The load was applied in the form of 
displacement increments at a constant rate of 0.005mm/s. This section presents a 
comparison of the predictions obtained by ABAQUS in the form of stress-strain curves 
and their experimentally established counterparts (the latter being presented in Section 
5.4)  
The list of the cylinders modelled by ABAQUS and then compared to the experimental 
results is shown in Table 8.1. The tensile stress-strain relationship and curves obtained 
based on Lok and Xiao (1999) [8.1] for cylinder specimens with different fibre content 
are shown in Table 8.2 and Figure 8.1. The tensile stress-strain curves describes the 
effect of fibres on the post-failure (post-peak) behaviour of concrete in tension which 
are incorporated into both Damaged Plasticity and Brittle Cracking model for describing 
concrete material behaviour.  
fibre 
type 
fibre 
content 
Specimen name f'c 
vertical strain 
at f'c 
transverse 
strain at f'c 
- 0% 0%-Cyl1 23.62 0.0029 0.0025 
3D 
0.50% 3D0.5%-Cyl2 25.02 0.0086 0.006 
1% 3D1%-Cyl4 27.84 0.007 0.0052 
1.50% 3D1.5%-Cyl3 30.73 0.0091 0.0068 
5D 1% 5D1%-Cyl3 27.56 0.0067 0.0039 
Table 8.1- List of the cylinders considered by ABAQUS 
  0% 3D0.5% 3D1% 3D1.5% 5D1% 
Point 
Strain 
(‰) 
Stress 
(MPa) 
Strain 
(‰) 
Stress 
(MPa) 
Strain 
(‰) 
Stress 
(MPa) 
Strain 
(‰) 
Stress 
(MPa) 
Strain 
(‰) 
Stress 
(MPa) 
Origin 0 0 0 0 0 0 0 0 0 0 
Peak tensile stress (A) 0.2 3 0.3 3 0.3 3 0.3 3 0.3 3 
Beginning of plateau (B) 1 0 1.52 0.8 1.14 1.19 1.14 1.79 1.51 2.39 
End of plateau (C)  - - 18 0.8 18 1.19 18 1.79 18 2.39 
Ultimate tensile strain 
(D) 
- - 20 0 20 0 20 0 20 0 
Table 8.2- Tensile stress-strain relationship for SFRC beams with different fibre content 
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Figure 8.1- Tensile stress-strain curves for specimens with different amounts of 3D and 5D fibres 
8.2.1 FE modelling of structural forms investigated 
A mesh sensitivity analysis was carried out in order to select the best mesh size to be 
used and to avoid mesh dependency. The concrete medium is modelled by using a dense 
mesh of 3D brick elements with an edge size of 15mm. 
The external load was applied to the FE model (representing the structural 
configuration) in the form of displacement increments. The cylinders were modelled as 
fixed in the bottom and the displacement increment was applied uniformly on top.  
The Damaged Plasticity model parameters that need to be defined are listed in Table 
8.3. The dilation angle, which is measured in the Mohr-Coulomb p-q plane at high 
confining pressure and can depend on temperature and predefined field variables [8.6], 
is chosen to be 30; as when compared to the other dilation angles (refer to section 8.6) 
gave the closest numerical results for the transverse when compared to its counterpart 
experimental results.  
Flow potential eccentricity that defines the rate at which hyperbolic flow potential 
approaches its asymptote, the ratio fb0/fc0 of biaxial compressive yield stress to 
uniaxial compressive yield stress, and the ratio K of the second stress invariant on the 
tensile meridian to that on the compressive meridian for the yield function for concrete 
are set as the default values for concrete as 0.1, 1.16 and 0.667, respectively [8.2]. 
The viscosity parameter which represents the relaxation time of viscous system [8.6] is 
set as 0.0001 which gives the closest results of crack propagation and damage location 
 
         
 
222 
 
to the experimental results. For cylinder specimens containing steel fibres, the viscosity 
parameter is chosen to be slightly higher than 0.0001 due to crack bridging of fibres.  
Dilation 
Angle 
Eccentricity fb0/fc0 K 
Viscosity 
Parameter 
30 0.1 1.16 0.667 0.0001 
Table 8.3- Damaged plasticity model parameters used by ABAQUS 
The comparison between the experimental data expressed in the form of stress-strain 
curves recorded under static loading and their numerically established counterparts is 
depicted in Figure 8.2. The stress-strain curves show that the adapted Damaged 
Plasticity concrete model which employs  the model proposed by Lok and Xiao (1999) 
[8.1] for describing the effect of the fibres on SFRC behaviour, provides predictions of 
the behaviour of the cylinders which are in reasonable agreement with that established 
experimentally. More specifically, although the predictions associated with the variation 
of the axial strain with the applied stress are in good agreement with their 
experimentally established counterparts, the predictions describing the variation of the 
lateral strains (measured at the mid-height region of the cylinders) with the applied 
stress appear to diverge from their experimentally established counterparts. In essence 
the dilation exhibited by concrete cylinders at their mid-height (associated with the level 
of cracking sustained by the subject specimen) is not accurately accounted for by the 
concrete material model employed [8.3]. 
As it is also shown by the results obtained by analysis done by ABAQUS, the addition 
of steel fibre into the concrete mix increases the strain corresponding to the peak stress 
as well as the ultimate strain (see Figure 8.2). Both ascending and descending portions 
of the stress-strain curves are affected by the addition of steel fibres. The more 
significant effect is observed in the case of the descending branch of the stress-strain 
curves as the rate of descent decreases with increasing values of fibre content. At the 
same time the rate at which the lateral strain increases before and after peak load is 
attained is lower than in the case of the plain concrete cylinders.  
Failure modes obtained by ABAQUS shown in Figure 8.3 for cylinder specimens 
containing 0% and 3D1% fibre content were shear crack propagating from top to 
bottom which is in agreement with the experimental counterpart. It is also shown by 
ABAQUS that adding fibres to concrete mix can arrest cracks and delay the failure, and 
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cause more number of finer cracks to be formed on cylinder specimen before the final 
failure.  
 
(a) 
 
(b) 
 
(c) 
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(d) 
 
(e) 
Figure 8.2- Comparison between experimental and numerical results for vertical and transverse strain-
stress curves obtained by testing cylinders under compression for different fibre content of (a) 0%, (b) 
3D0.5%, (c) 3D1%, (d) 3D1.5%, and (e) 5D1% 
 
         
 
225 
 
 
 
   
 
   
 
 (a) 
 
 
 
 
 
 
 
 
 
0% 
 
         
 
226 
 
 
 
 
 
    
   
 (b) 
Figure 8.3- Principal strain distribution along cylinders and their experimental counterparts for specimens 
with fibre content (a) 0%, and (b) 3D1% 
   
3D1% 
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8.3 Notched SFRC beam  
The test data presented in Chapter 5 describe the behaviour of the notched beam 
specimens subjected to 3-ponit bending tests in order to investigate the behaviour of 
SFRC specimens at the material level under static and impact loading. The beams were 
reinforced with 3D or 5D steel fibres introduced at different fibre contents 0, 3D0.5%, 
3D1%, 3D1.5%, and 5D1%. The list of notched beam specimens considered in this 
section for numerical analysis is shown in Table 8.4.  
Fibre 
type 
Vf Test Name fcu,100cube fcu,150cube 
- 0% 
0.6S2-0% 
41.10 - 
0.6D1-0%-0.5m-1 
3D 
0.50% 
0.6S2-3D0.5% 
39.69 - 
0.6D1-3D0.5%-0.5m-1 
1.00% 
0.6S1-3D1% 
31.41 35.30 
0.6D1-3D1%-0.5m-1 
1.50% 
0.6S1-3D1.5% 
32.35 38.95 
0.6D1-3D1.5%-0.5m-1 
5D 1.00% 
0.6S1-5D1% 
31.86 36.27 
0.6D1-5D1%-0.5m-1 
Table 8.4- The list of notched beam specimens subjected to static and impact loading considered for 
numerical analysis 
8.3.1 Notched SFRC beam specimen details  
The simply-supported SFRC notched beam specimens depicted in Figure 8.4 were 
subjected to three-point bending tests under static and impact loading in order to assess 
the effect of the fibres on the exhibited behaviour. The notch was formed at the bottom 
face of the beam at its mid-span. The depth of the notch is 1/6 of the height of the 
specimens’ cross-section. The behaviour of the specimens was initially established 
under static loading applied (applied at constant rate in the form of displacement 
increments) monotonically to failure (see Chapter 5, section 5.6). The SFRC notched 
beam specimens were also subjected to drop-weight testing to establish their behaviour 
under impact loading (see Chapter 5, section 5.7). The impact load was applied through 
the use of a 47kg drop-mass  (hammer) dropped from a height of 0.5m in order to 
achieve an impact velocity of 3.13m/s.  
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Figure 8.4- Arrangement of SFRC notched beams test setup showing (a) longitudinal, and (b) cross 
sectional details 
8.3.2 Finite element modelling of the notched beams 
The tensile stress-strain constitutive relationship proposed by Lok and Xiao (1999) 
[8.1], which was incorporated into both the Brittle Cracking and the Damaged Plasticity 
concrete models for modelling cylinders in ABAQUS (see Figure 8.1 and Table 8.2) is 
also employed for describing the effect of fibres on concrete material behaviour when 
considering different fibre contents.  
The concrete beam and steel plates (located at the load-point and the supports, see 
Figure 8.5) were modelled as different parts. The concrete medium in the beam and the 
steel plates were modelled through the use of solid eight-node hexahedron elements 
with a side of 15mm.  
One support was restrained in the horizontal direction (along the Z axis to resemble a 
pin on roller) and the other one in both the horizontal and vertical directions (Z and Y 
directions see, Figure 8.5).  
The FE models representing the notched beam specimen subjected to static and impact 
loading is shown in Figure 8.5. A uniform dense mesh consisting of 8-node brick 
elements (C3D8R) is adopted to enable the analysis and provide a detailed description 
of the variation of stress and strain distributions throughout the loading process. It is 
important to note that the mesh size (Le) and time increment (Δt) employed for solving 
the dynamic problem are closely linked. Their values should allow: 
i. The analysis to account for the exact form (time history) of the applied load. 
 
(b) 
   150 
150 
(a) 
250  250  
  
100  100 
notch  
All dimensions are in mm 
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ii. The numerical predictions to accurately capture the exhibited response and 
provide a detailed description of the variation with time of the stress and strain 
distributions as well as the deformation profile of the specimen throughout the 
loading process. 
 
iii. The waves to cover a distance equal to the element length Le in Δt. An estimate 
of the speed of a wave traveling through a linear elastic material is provided 
from the following equation: 𝐶𝑑
2 = 𝐸/((2 + 2𝜐)𝜌) [8.4]. Considering that the 
Poisson’s ratio (𝜐) of steel varies between 0.27 and 0.3 then Cd =0.62√𝐸/𝜌 
(where E is the elastic modulus and 𝜌 is the material density). As a result, the 
minimum time increment will be Δt=𝐿𝑒/𝐶𝑑.  
Based on the above, a time increment of 10-5 seconds was selected. When considering 
the static problem, the load is imposed monotonically to failure (observing sudden jump 
in kinetic energy) in the form of displacement increments (displacement control). In the 
case of the dynamic problem, the impactor is assumed to have an initial velocity prior to 
coming into contact with the steel plate equal to that recorded during testing. The 
impactor was modelled as discrete rigid, a reference point was defined at its centre and a 
mass of 47kg was assigned to this point. In ABAQUS/Explicit a rigid body is a 
collection of nodes and elements whose motion is governed by the motion of a single 
node, known as rigid body reference node. The shape of a discrete body does not 
change during a simulation but can undergo large body motions. The mass and inertia of 
the discrete rigid body can be assigned specifically to its reference node [8.5]. 
The contact surface between impactor and top steel plate was defined as ‘hard contact’,  
the hard contact in ABAQUS is defined as a contact which minimizes the penetration of 
the slave surface (steel plate) into the master surface (impactor) at the constraint 
locations and does not allow the transfer of tensile stress across the interface [8.6]. The 
interaction between impactor and top steel plate was defined as ‘surface-to-surface 
contact’, which is used to define the contact between two deformable surfaces or 
between a deformable and a rigid surface [8.7].  When two surfaces are in contact, they 
usually transmit shear as well as forces across their interface. There is a relationship 
between these two force components, which is known as friction between two 
contacting bodies [8.8]. The ‘frictional coefficient’ between the two surfaces is set to be 
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0.15. Acceleration due to gravity was not included in the analysis as it did not have any 
impact on the results. Figure 8.5 shows the schematic diagram of notched beams under 
impact. 
The Damaged Plasticity model parameters are defined the same as parameters shown in 
Table 8.1 and Table 8.2. 
 
(a) 
 
(b) 
Figure 8.5- Notched beam specimens modelled in ABAQUS with (a) defined boundary condition and (b) 
FE mesh 
8.3.3 Numerical results for SFRC beam under static and impact loading  
The comparison between the experimental data recorded during static testing and their 
numerically established counterparts for notched SFRC specimens are shown in Figure 
8.6 (See Table 8.4). The load-deflection curves show that Damaged Plasticity model can 
provide realistic predictions concerning the behaviour of concrete or SFRC specimens 
under static loading compared to the experimental data. Figure 8.7(a-e) show the 
comparison between the predicted variation of the impact and generated reaction forces 
with time obtained using both Brittle Cracking and Damaged Plasticity models, and 
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their experimentally established counterparts for specimens with different fibre content.  
Good agreement is observed between the test data and numerical predictions obtained 
by both the Brittle Cracking and Damage Plasticity models up to when the peak load is 
sustained. After peak load better agreement is observed between the relevant test data 
and the predictions obtained from the Brittle Cracking model. The predictions obtained 
from the Damaged Plasticity model appear to overestimate the residual displacement 
exhibited by the notched beam after impact. This is likely to be associated with the fact 
that it overestimates the level of damage sustained in the impact region. The numerical 
predictions describing the variation of the impact and contact forces with time (see 
Figure 8.7) are in generally good agreement with their experimentally established 
counterparts. 
Figure 8.8(a & b) show the contours representing the distribution of the principal strains 
developing along the span of the beam under static loading as well as impact loading 
prior to failure. The data essentially shows the extent of the damage sustained by 
specimens prior to failure when considering different loading rates. The beam with no 
fibre content is modelled with finer mesh in the middle, where crack is formed, and the 
principal strain is compared with a beam modelled with coarser mesh (see Figure 
8.8(a)). As it is observed the crack in the finer mesh is vertical showing a clear location, 
while for the coarser mesh, the damage zone is smeared outside the notched fragment of 
specimen in a diffuse form. 
It is worthy to mention that the notched beam analysed by Damaged Plasticity model 
under static loading, used quasi static explicit dynamic, the ratio ALLKE/ALLIE for all 
cases were obtained less than 5%. 
The tensile strain of 0.001 and 0.02 that causes specimen cracking and fibre pull-out, 
respectively are highlighted. As discussed in Chapter 5.7, the presence of fibres have 
expanded the region affected by the static and impact load, as the main crack over the 
notch is divided into several branches and different fine cracks which show the effect of 
fibres in preventing the main crack to open and cause a sudden failure of the beam.  
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(e) 
Figure 8.6- Comparison between experimental and numerical results for the static load-deflection curve 
of SFRC notched beams with fibre content (a) 0%, (b) 3D0.5%, (c) 3D1%, (d) 3D1.5%, and (e) 5D1% 
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(e) 
Figure 8.7- Comparison between numerical predictions obtained when using the Damaged Plasticity and 
Brittle Cracking models as well as the results obtained for SFRC notched beams with fibre content (a) 
0%, (b) 3D0.5%, (c) 3D1%, (d) 3D1.5%, and (e) 5D1% 
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(b)  
Figure 8.8- Principal strain distribution along SFRC notched beams under static and 0.5m impact loading 
with fibre content (a) 0%, and (b) 3D1% 
8.4 SFRC Slender Beams 
The test data presented in Chapter 6 describe the behaviour of the slender beam 
specimens subjected to 3-point bending tests in order to investigate the behaviour of 
SFRC beam specimens at structural level under static and impact loading. These slender 
beams considered here for numerical analysis are listed in Table 8.5. Only specimens 
with 0% and 3D1% fibre content are considered here. 
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Fibre 
type 
Vf Test Name fcu,100cube fcu,150cube 
- 0% 
1.5S-0% 23.34 31.4 
1.5D-0%-1.5m-1 31.68 38.96 
1.5D-0%-2.5m-1 38.56 - 
3D 1.00% 
1.5S-3D1% 26.65 33.69 
1.5D-3D1%-1.5m-1 - 32.1 
1.5D-3D1%-2.5m-1 32.68 41.38 
Table 8.5- The list of slender beam specimens subjected to static and impact loading considered for 
numerical analysis 
The height (h) and width (b) of the cross-section of all beam specimens was 150mm 
whereas the full length (L) and the clear span (Lo) were 1.5m and 1.3m, respectively 
(see Figure 8.9). For every set of the beams considered, one specimen was subjected to 
static 3-point loading and the other two to drop-weight loading. The specimens had a 
shear span (αv=Lo/2) of 0.65m and the shear span to depth ratio equal to 5 (αv/d=5). The 
static load was applied in the form of displacement increments and increased 
monotonically to failure. The drop weight had a mass of 124kg which was allowed to 
fall from different heights (1.5 and 2.5m) onto the mid-span region of each specimen in 
order to achieve different initial velocities (5.42 and 7.00m/s). The arrangement of the 
reinforcement is described in Figure 8.9 and Table 8.6. The yield stress of steel bars was 
503MPa and 517MPa and their ultimate stress were 645MPa and 665MPa for 8mm and 
12mm diameter bars, respectively.  
 
Figure 8.9- Design of the slender SFRC beam specimen (units are in mm) 
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Length 
(m) 
Tension 
Steel As 
Compression 
Steel As′ 
Stirrups ρw=Asw/bs 
1.5 2xD12 2xD8 D8@100mm 0.670% 
Table 8.6- Reinforcement details of the slender SFRC beam specimens 
3D non-linear FE analysis was carried out using ABAQUS and the ensuing numerical 
results were calibrated using the respective experimental data. A schematic of the beam 
model with the related boundary condition and the selected FE mesh is shown in Figure 
8.10(a). The steel plates were provided with the same dimensions as experiment in the 
location of applied load and supports to avoid the premature localised failure. 
The concrete beam, steel plates and reinforcement bars were modelled as different parts. 
The beam and steel plates were modelled as solid eight-node hexahedron elements with 
25mm dimension. The reinforcement bars and stirrups were modelled as truss elements 
and were embodied in the beam. The impactor was modelled as discrete rigid, a 
reference point was defined in its centre and the related mass of 124 kg was assigned to 
this point.  
One support was restrained in the horizontal (Z direction) and another one in horizontal 
and vertical directions (Z and Y directions). Figure 8.10(b) shows the schematic 
diagram of slender beams under impact. 
 
 
(a) 
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(b) 
Figure 8.10- (a) Slender beam modelled in ABAQUS with defined boundary condition, (b) schematic 
diagram of slender beams under impact 
8.4.1 Comparison of finite element results and tests 
The curves in Figure 8.11 describe the variation between the applied load and the 
midspan deflection established experimentally and numerically when the specimens 
(with and without fibres) were subjected to static loading. It can be seen that the 
numerical results obtained through the use of Damaged Plasticity model are in better 
agreement with their experimentally established counterparts than the Brittle Cracking 
model. The data also shows that the addition of the steel fibres at a dosage of Vf = 1% 
led to an increase in strength (increasing by ~32% from 38 kN to 50 kN). Figure 8.12 
shows the comparison between experimental and numerical results of the beams under 
impact loading for the two loading rates considered. The comparison of the dynamic 
increase factor DIF which is expressed as the ration of the peak impact load to the static 
load (DIF=maxPd/maxPs ) is shown in Figure 8.13. The results show that the use of both 
concrete material models provided predictions that are in good agreement with the 
experimental data. The results show that the Brittle Cracking model, despite its 
simplicity, can provide accurate results (especially for cases where the response is 
dominated by tensile failure such as beams presently used). Figure 8.14 shows the 
distribution of principal strains along the span of the beam at maximum deflection for 
static and impact loading. The strain contours’ intervals were selected to reflect the 
material characteristics (so in tension a grey colour was used to represent strains at 
cracking strain for RC beams and the strains at pull-out failure for SFRC beams, whilst 
in compression dark colour close to black was used to represent the crushing strain). 
The figures show good agreement between the cracking patterns captured 
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experimentally and their numerical counterparts. When subjected to low-rate (i.e. static) 
loading, the cracks propagate along the entire beam from the point of applying the load 
to the support. On the other hand, as the loading rate increases, the cracked zone 
decreases until it becomes more localised confined to the region close to where the 
impact load is applied (with the rest of the beam remaining largely unaffected). This 
shows that as the rate of loading increases, the portion of the beam span mostly affected 
by the applied load reduces. The cracking patterns also show that the addition of fibres 
has led to a better control of cracks (with hardly any pull-out failure) resulting in a more 
ductile response and allowed for the development of finer cracks in a wider zone. So the 
fibres seem to have allowed for an increase in the localised zone around the impact load 
observed earlier.  
 
(a) 
 
(b) 
Figure 8.11- Load-deflection curve obtained experimentally and numerically by testing slender SFRC 
beams under static loading monotonically applied to failure with fibre content of (a) Vf = 0%, and (b) Vf = 
3D1% 
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(b) 
Figure 8.12- Impact and reaction force verses time obtained experimentally and numerically by testing the 
specimens under 1.5m and 2.5m impact loading for beams with fibre content of (a) Vf = 0%, and (b) Vf = 
3D1% 
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Figure 8.13- Comparison between experimental and numerical impact results of maxPd/maxPs for slender 
SFRC beam 
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(b)  
Figure 8.14- Principal strain distribution along SFRC beam under static and impact loading after 1st drop 
from two heights (1.5 m and 2.5 m) for beams with fibre content of (a) Vf = 0%, and (b) Vf = 1% 
8.5 Deep Beams 
The test data presented in Chapter 7 describe the behaviour of the deep beam specimens 
subjected to 3-point bending tests in order to investigate the behaviour of SFRC beam 
specimens at structural level under static and impact loading. These beam specimens are 
also considered here for numerical analyses which are listed in Table 8.7. Only 
specimens with 0% and 3D1% fibre content are considered here.  
Fibre 
type 
Vf Test Name fcu,100cube  fcu,150cube 
- 0% 
1S-0% 32.00 - 
1D-0%-1.5m-1 22.90 29.81 
1D-0%-2.5m-1 18.92 27.53 
3D 1.00% 
1S-3D1% - 38.53 
1D-3D1%-1.5m-1 - 38.53 
1D-3D1%-2.5m-1 - 26.52 
Table 8.7- The list of slender beam specimens subjected to static and impact loading considered for 
numerical analysis 
The height (h) and width (b) of the cross-section of all beam specimens was 300mm and 
150mm whereas the full length (L) and the clear span (Lo) were 1.0m and 0.8m, 
respectively (see Figure 8.15). All specimens had a shear span (αv=Lo/2) of 0.4 m and 
the shear span to depth ratio equal to 1.51. The static load was applied in the form of 
displacement increments and increased monotonically to failure. The drop weight had a 
mass of 124 kg which was allowed to fall from different heights (1.5 and 2.5 m) onto 
the mid-span region of each specimen in order to achieve different initial velocities 
(5.42 and 7.00 m/s). The arrangement of the reinforcement is described in Figure 8.15 
and Table 8.8. The yield strength (fy) of steel reinforcement was 536MPa and 510MPa 
and ultimate stress was 670MPa and 645MPa for 10mm and 16mm diameter bars, 
respectively.  
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Figure 8.15- Design of the RC beam specimen (units are in mm) 
Length (m) 
Tension 
Steel As 
Compression 
SteelAs′  
Stirrups ρw=Asw/bs 
1.0 2xD16 2xD10 D8@200mm 0.335% 
Table 8.8- Reinforcement details of the SFRC beam specimens 
3D non-linear FE analysis was carried out using ABAQUS and the ensuing numerical 
results were calibrated using the respective experimental data. A schematic of the beam 
model with the related boundary condition and the selected FE mesh with the element 
size 30mm is shown in Figure 8.16. The steel plates were provided with the same 
dimensions as experiment in the location of applied load and supports to avoid the 
premature localised failure. 
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Figure 8.16- Deep beam modelled in ABAQUS with defined boundary condition  
The numerical simulation involving static and impact was performed similar to the 
modelling of the slender beams simulation. For brevity, only Damaged Plasticity model 
was used to model deep beams under static and Brittle Cracking model for impact 
loading for specimens containing 0% and 3D1% steel fibre.  
8.5.1 Comparison of finite element results and tests 
Figure 8.17 shows the comparison between the experimental and numerical results 
obtained under static loading for beams with and without fibres. It can be seen that the 
numerical results (using ABAQUS Damaged Plasticity concrete model) is in good 
agreement with the experimental results.  
The data shows that the addition of the steel fibres at a dosage of Vf = 1% led to an 
enhancement in the strength (increasing the load by ~65% from 220kN to 363kN).  
Figure 8.18 shows the comparison between experimental and numerical results of the 
beams under impact loading for the two loading rates considered. The comparison based 
on impact force and reaction force shows that numerical results predictions are in good 
agreement with the experimental data. Figure 8.19 shows the distribution of principal 
strains at maximum deflection, for static and impact loading (1st impact). The figures 
show good agreement between the cracking patterns captured experimentally and their 
numerical counterparts. For the low-rate (i.e. static) loading, the beams exhibited brittle 
behaviour characterised by shear cracks gradually extending from loading point to the 
support with increasing levels of applied loading, ultimately resulting in a brittle shear 
type of failure for beams with no fibre content, and shear/flexural failure for beams 
containing steel fibre. Under impact loading however, the cracking developing is both 
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shear and flexural often resulting in more brittle and sometimes explosive form of 
failure.  
 
(a) 
 
(b) 
Figure 8.17- Load-deflection curve obtained experimentally and numerically by testing deep SFRC beams 
under static loading monotonically applied to failure with fibre content of (a) Vf = 0%, and (b) Vf = 3D1% 
 
         
 
253 
 
 
 
  
 
         
 
254 
 
(a)
 
 
 
 
         
 
255 
 
 
 
(b) 
Figure 8.18- Impact and reaction force verses time obtained experimentally and numerically by testing the 
specimens under 1.5m and 2.5m impact loading for beams with fibre content of (a) Vf = 0%, and (b) Vf = 
3D1% 
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(b)  
Figure 8.19- Principal strain distribution along SFRC beam under static and impact loading after 1st drop 
from two heights (1.5m and 2.5m) for beams with fibre content of (a) Vf = 0%, and (b) Vf = 1% 
8.6 Effect of Changing Damaged Plasticity Parameters on Material Behaviour  
The numerical analysis performed by modelling specimens by Damaged Plasticity 
subjected to static loading showed the choice of Damaged Plasticity parameters, 
especially dilation angle and viscosity parameters strongly affect the results. For this 
purpose, cylinder specimens with no fibre content which were modelled in section 8.2 
are considered here again in ABAQUS, using Damaged Plasticity with different values 
for dilation angle. Figure 8.20 shows compression stress on cylinders versus transverse 
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strain for different dilation angles 10, 20, 30, 40 and 50 compared to experiment results. 
As it is observed, high values of dilation angle cause excessive dilatancy and higher 
values of transverse strain especially at peak stress compared to experiment results. 
Dilation angle 30 gives the closest stress-strain curve to its experiment counterpart.  
Notched beam with no fibre content which was modelled in section 8.3 is modelled here 
with different values for viscosity parameters. Figure 8.21 shows load versus deflection 
for different viscosity parameters 0.1, 0.01, 0.001,  and 0.0001 compared to experiment 
results. As it is observed, high values of viscosity parameter cause higher values of load 
and dubious results. Viscosity parameter of 0.0001 has been used for analysis as it gives 
the closest load-deflection curve to its experiment counterpart. 
 
Figure 8.20- Stress-Transverse strain of cylinder subjected to compression for different dilation angle 
 
Figure 8.21- Load-Deflection curve of notched beam under static loading for different viscosity parameter 
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0
5
10
15
20
25
30
-0.015 -0.013 -0.011 -0.009 -0.007 -0.005 -0.003 -0.001
St
re
ss
 (
M
P
a)
Transverse strain (mm/mm)
experiment
dilation angle=50
dilation angle=40
dilation angle=30
dilation angle=20
dilation angle=10
-5
0
5
10
15
20
25
30
0 0.5 1 1.5 2 2.5 3
Lo
ad
 (
kN
)
Deflection (mm)
Experiment
Viscosity=0.0001
Viscosity=0.001
Viscosity=0.01
Viscosity=0.1
 
         
 
259 
 
8.7 Conclusion 
The numerical investigation aimed at investigating the behaviour of a series of different 
plain and SFRC specimens under static and impact loading conditions. The 
experimental work presented in preceding chapters form the basis of the numerical 
investigation presented herein. The test data obtained are used to validated the finite 
element model developed for representing the various specimens considered as well as 
the predictions obtained. 
Two material models available in ABAQUS are employed for describing concrete 
behaviour in the present study (i.e. ABAQUS): the Damaged Plasticity and the Brittle-
Cracking model. A comparative study between the numerical prediction and the 
experimental data reveals that both constitutive models are capable of providing 
realistic predictions of the experimentally established behaviour of SFRC specimens 
(beams) under static and impact loads. The results show that the Brittle Cracking model, 
despite its simplicity, can provide accurate results (especially for cases where the 
response is dominated by tensile failure such as beams under flexural loading and for 
brittle materials such as concrete). Brittle Cracking model can be employed to model the 
behaviour of SFRC beams subjected to impact loading. The key advantage is that the 
model has fewer variables to calibrate. Although the Damaged Plasticity model can give 
more accurate results when modelling SFRC specimens subjected to static loading, the 
main disadvantage is that too many parameters should be defined for the model. 
The NLFEA study presented in this chapter also shows that under high-rate loading 
conditions, the response of both RC and SFRC beams becomes stiffer and allows the 
beam to attain higher levels of loading. It also confirms that the use of fibres in beam 
specimens results in increase of load carrying capacity and energy absorption of the 
structural elements under impact.  
The numerical results also show the delay between the impact and reaction forces, and 
contours of principal strains data showed the severity of the structural response as the 
loading rate is raised. The tensile strains at fibre pull-out were also highlighted, which 
shows that wider and deeper cracks are caused at higher loading rates.  
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Chapter 9:  Conclusions and recommendations 
9.1  Introduction 
The work presented herein sets out to investigate (experimentally and numerically) the 
potential benefits stemming from the introduction of steel fibres into the concrete mix in 
order to enhance the material properties of structural concrete and improve the response 
of RC structural elements under static and high rate loading conditions, the latter being 
associated primarily with impact problems. In addition, the effect of various parameters 
associated with the fibres used (e.g. aspect ratio and volume fraction) on the exhibited 
structural response is studied experimentally, by carrying out a series of drop-weight 
testing on RC beam specimens (with and without steel fibres being introduced into the 
concrete mix), and numerically, through the use of dynamic Nonlinear Finite Element 
Analysis (NLFEA). The investigation mainly focuses on studying how certain aspects 
of the behaviour exhibited by the beam specimens under impact loading are affected 
from the use of steel fibres.  
9.2 Methodology 
Experimental static and impact tests were carried out on SFRC and plain concrete beam 
specimens in order to study the effect of different type of steel fibres (3D and 5D 
Dramix fibres) on both material and structural levels. 
A series of drop-weight tests were carried out in order to study in detail certain 
important features of the response exhibited by SFRC beam specimens when subjected 
to impact loading at their mid-span. Such features include the generated impact and 
reaction forces, the displacement of the drop-weight and specific points along the 
element span, as well as the values of strain (ε) and strain rate (?̇?) measured in localised 
regions of the specimens throughout loading. The cracking and deformation profiles of 
the specimen at different stages of the loading process as well as the failure modes 
exhibited as they provide information on the internal state of stress developing within 
each specimen throughout the loading process. Conventional instrumentation (e.g. 
LVDTs, accelerometers, strain-gauges and load-cells) and a high-speed video camera, 
were employed in order to obtain accurate measurements capable of describing in detail 
specimen behavior throughout the loading process 
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When carrying out non-linear FE analysis two constitute models were employed for 
describing the effect of fibres on the behaviour of concrete. The latter two models 
proposed models by Lok and Pei (1998) [9.1] and Lok and Xiao (1999) [9.2] were 
employed as they were able to account for a range of parameters (different volume 
fractions, bond stress, aspect ratio etc) on the behaviour of concrete. Lok and Pei (1998) 
[9.1] and Lok and Xiao (1999) [9.2] are very similar and employ the same concepts for 
defining the stress-strain curves used for describing the behaviour of SFRC under 
uniaxial compression and tension. The model proposed by Lok and Xiao (1999) [9.2] 
essentially forms an advancement to that proposed by Lok and Pei (1998) [9.1]. It 
employs a user defined value for defining the fibre orientation factor whereas stress-
strain curve describing post-cracking of SFRC under uniaxial tensile is similar to that 
models proposed by RILEM TC 162-TDF Recommendation [9.3], [9.4] as well as other 
researchers [9.5], [9.6]. The numerical studies were carried out using ABAQUS which 
incorporates the Brittle Cracking and Damaged Plasticity model for describing concrete 
material behaviour. A series of SFRC specimens were considered the behaviour of 
which was established experimentally in the past when subjected to static (Trottier and 
Banthia (1994) [9.7], and Campione and Mangiavillano (2008) [9.8]) and impact 
(Zhang (2014) [9.9], and Yoo (2015) [9.10]) loading. Based on the findings of the 
calibration work (see Appendix A), it was observed that the predictions obtained when 
employing the model proposed by Lok and Xiao (1999) [9.2] provide a closer fit to the 
available test data.  
The reasons for choosing the constitutive model proposed by Lok and Xiao (1999) [9.2] 
can be summarised as followed: 
 It can be employed for a wide range of values of fibre content (i.e. 0.5% to 3%) 
which are suitable for the range of values used in the present work. 
 The model can be used for different values of fibre aspect ratio (L/d) and bond 
stress (𝜏𝑑). 
 It considers the randomness of fibre distribution in the SFRC matrix.  
 The model can show both strain softening and strain hardening behaviour 
depending on the fibre content introduced to the concrete mix.  
 The model provides predictions that provide a closer fit to the available test data 
(see Appendix A). 
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9.3 Effect of steel fibres on material behaviour of concrete elements under 
static and impact loading 
The results obtained from the compressive and flexural tests conducted on SFRC 
(cylindrical and prismatic) specimens prepared using two types of fibres, 3D and 5D, 
were initially analysed to establish the effect of the steel fibres on the material 
behaviour of SFRC in compression and tension. Different specimens such as cubes 
(100mm3 and 150mm3), cylinders (150×300mm2) and notched beams 
(150×150×600mm3) without conventional reinforcement were cast with different values 
of fc and Vf and also different kind of fibres.  
Analysis of the data obtained from the compression tests carried out on the cylindrical 
specimens showed that the addition of fibres into concrete mix did not consistently 
result in an increase in compressive strength, but increased the strain corresponding to 
the peak stress, strain capacity, toughness and the elastic deformation in the pre-failure 
region. The descending portion of the stress-strain curves are primarily affected by the 
addition of steel fibres into the concrete mix. This demonstrates yet again that the 
introduction of fibres into the concrete mix mainly affects the post-peak behaviour 
exhibited by the specimen. 
The result obtained from the flexural static tests on the notched concrete beams showed 
that samples characterised by higher values of fc exhibit higher values of peak load. 
Introduction of fibres into the concrete mix caused the specimen to exhibit softening 
behaviour once peak load was attained. Plain concrete samples exhibit a fully brittle 
mode of failure suffering an abrupt loss of load carrying capacity once peak load is 
attained. Increasing values of Vf results in a more gradual loss of load carrying capacity 
once peak load is attained. 
In addition, the existence of fibres resulted in the development of multiple fine cracks 
and resisted the propagation of the main crack forming over the notch; this is attributed 
to the fibres providing tensile strength to the concrete after cracks have formed, 
allowing the beams to retain strength for longer and thus undergo greater deflection. 
Specimens containing 5D fibres with Vf=1% exhibited more ductile behaviour and 
higher values of load carrying capacity compared to their counterparts exhibited by the 
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specimens containing 3D fibres, while specimens containing 5D fibre with Vf=1.5% did 
not show any improvement over the specimens with 5D with a Vf=1.5%. 
The data obtained from the impact tests carried out on the notched beams showed that 
the plain concrete beams (even the ones with higher fc) failed suddenly (breaking into 
two pieces) during the first impact, while beams with higher fibre volume content could 
undertake up to three impacts before failing (collapsing). When increasing the fibre 
content, the peak values of the reaction force is approximately the same as the peak 
values of the impact force. For samples with lower fibre content, much of impact energy 
is dissipated due to the cracking process the specimen undergoes, consequently the peak 
values of the reaction forces is significantly smaller than peak impact force. 
Furthermore, there are more branched cracks around the main crack over the notch for 
beams containing higher amount of fibre content which shows improvement in post-
peak fracture behaviour of the beam. In addition, fibre pull-out was observed in the 
fractured beams. The SFRC beams underwent smaller deflections than the plain 
concrete beams, this is attributed to the fibres arresting the cracks, preventing further 
propagation and thus limiting beam deformation. 
9.4 Effect of steel fibres on structural response of concrete elements subjected 
to static and impact loading 
Experiments were carried out to investigate the behaviour of slender and deep SFRC 
beams under static and impact loading. For this reason, for every type of beam 
considered, four sets of three simply-supported SFRC beams were subjected to 
consecutive impact (drop-weight) tests. 3D or 5D Dramix steel fibres were introduced 
into the concrete mix. Prior to carrying out the drop-weight testing the behaviour of the 
specimens were initially established experimentally under equivelant static loading for 
purpose of comparison. 
The slender beams tested under static loading showed development of cracks along the 
middle portion of the span of the specimen penetrating deep into the compression zone. 
It was observed that with increasing fibre content the flexural cracks appeared to be 
more distributed from the mid-span to the supports of the beam; indicating that the 
fibres helped ensure the development of a more ductile flexural failure mode. The load 
at which the first crack was observed was almost the same for all the beams. The beam 
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with 3D fibres and Vf = 1% exhibited higher load carrying capacity compared to the 
beam with 3D fibres and Vf = 1.5%. It was observed that for the concrete mixes 
employed adopting a fibre content larger than 1% did not always result in a uniform 
mixture.  Beams with Vf = 1% containing 3D and 5D fibres exhibited similar behaviour 
in terms of load carrying capacity, cracking and failure (crushing due to yielding of 
longitudinal reinforcement and reaching compressive capacity of beam) mode. 
The behaviour of deep SFRC beam specimens under static loading exhibited brittle 
behaviour which was shown as the shear failure characterised by the development of 
inclined cracking in the shear span. The cracks initiated at the bottom face of the 
specimen close to the support and gradually extended (at an angle of approximately 45 
degrees)) towards the top face of the specimen close to the point where the load was 
imposed. Some (fine) flexural cracking also developed in the mid-span region of the 
specimen. The latter cracking did not affect the mode of failure exhibited. Adding fibres 
into concrete mix resulted in an increase in load-carrying capacity and ductility, as the 
fibres appear to successfully resist the cracking process that the specimen underwent 
before and after peak load was attained.  
The experimental data on both slender and deep beams revealed that under impact 
loading the RC and SFRC beam specimens are capable of withstanding higher values of 
loading compared to their load-carrying capacity established under equivalent static 
loading, while at the same time exhibiting a stiffer response. The use of fibres, at 
different volume fractions (e.g. Vf  of 1% and 1.5%), resulted in increase of load 
carrying capacity and energy absorption of the structural elements under impact. The 
deflection measured at the mid-span of the SFRC beams also increased compared to that 
recorded when testing the RC specimen indicating the ductility provided by the steel 
fibres. The extent of the effective length around the point of application of the impact 
load seems to also increase due to the addition of fibres (albeit still decreasing as the 
loading rate increases). The data obtained by testing beams under impact loading 
showed that impact force increased rapidly (immediately after the drop mass comes into 
contact with the specimen) to a maximum value and then quickly reduces (total of 
duration of less than 2msec). The reaction forces started increasing with a delay 
compared to the impact forces generated in the impact region that this delay is 
associated with the time required by the stress waves, generated during impact, to reach 
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the supports. It was also observed that peak impact force and peak reaction force 
decrease for consequent number of impacts.  
The stiffer structural response of slender beams under impact loading compared to their 
counterpart under static loading was essentially linked to the deformation profile 
exhibited by the beams with increasing loading rates which becomes more localised and 
confined to the mid-span loading region, which was mostly observed at early stages of 
impact loading (i.e. initiation of cracks). This was likely to be due to the influence of 
inertial forces of the localised effective part of the beam rather than due to changes in 
material properties, such as strain rate dependency.  
The test data obtained for slender beam subjected to impact loading revealed a 
considerable difference between the peak values of the impact and reaction forces 
associated with the large portion of the impact energy (introduced by the impactor) 
which is lost due to the damage (cracking) suffered by the specimen caused by every 
impact resulted in the stress waves, generated at the impact region, to travel with lower 
speeds through the concrete medium towards the supports. The cracking profiles 
developing along the slender beams show that specimen exhibits localised response 
with only a small portion of the beam span, concentrated in the mid-span region, 
reacting to the imposed load; this phenomenon is more significantly observed for the 
drop height of 2.5m. Flexural cracks form and quickly penetrate deep into the 
compressive zone after the maximum impact force is attained and propagated during the 
deflection of the beam. 
Based on the data obtained from the impact tests carried out on the SFRC deep beams, it 
was observed that the peak values of the impact and reaction forces are approximatelly 
equal.  The displacement recorded along the span of the deep beams when maxPd is 
achieved is only a small fraction of the maximum deflection (maxdd) measured at mid-
spam which demonstrates that the beams exhibit localised response confined to the 
portion of the element span around the mid-span (impact) region. After peak load 
(maxPd) is attained the specimens continue to deform reaching a maximum deflection at 
mid-span considerably higher compared to that corresponding to maxPd. During this 
phase of the loading process the response becomes gradually increasingly global due to 
the damage suffered locally at mid-span and the fact that the waves generated in the 
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impact region reach the supports resulting in the full span of the beam reacting to the 
imposed load beyond this point. Adding steel fibres to concrete medium, cause the RC 
beam show more global response during different stages of impact loading process 
which in result cause more distributed cracks along the beam, this effect is more 
significantly observed when beams are reinforced with 5D fibre with Vf = 1%.  
Based on the analysis of the photographic evidence recorded by the high-speed camera 
and the strain values measured for both slender and deep beam specimens, it can be 
concluded that high values of strain rate in the mid-span area of the beam are exhibited 
once the concrete medium suffers considerable cracking and, as a result, these high 
values of strain rate are linked to post-failure behaviour of a cracked area of the beam. 
The values of strain rate in the critical early stages of the impact test were found to be 
lower than the threshold established experimentally over decades of testing describing 
the variation of the concrete compressive and tensile strength under different strain 
rates. Thus the increase in load-carrying capacity with the rate of loading observed in 
the present study cannot be attributed to an increase in the material strength due to strain 
rate sensitivity. It should also be borne in mind that the terms failure and load-carrying 
capacity require careful definition as is first necessary to establish the post-impact 
performance criteria (such as the residual strength required and the level of damage that 
can be tolerated) in order to arrive at meaningful estimates. 
9.5 Numerical Analyses of SFRC Specimens under Varying Rates of Loading 
The numerical studies were carried out to investigate the behaviour of the SFRC 
specimens under static and impact loading conditions. The results are compared to their 
experimental counterparts obtained from the tests carried out on RC and SFRC 
specimens. Two material models (already available in ABAQUS) were employed for 
describing the behaviour of concrete: (i) the Damaged Plasticity model and (ii) the 
Brittle-Cracking model. A number of FE models were then developed capable of 
accurately representing the specimens considered during testing. The latter models were 
used to study the behaviour of SFRC beams under static and impact loading applied at 
the mid span. A comparative study between the numerical and experimental data 
revealed that the constitutive models employed are capable of providing realistic 
predictions of the experimentally established behaviour of the SFRC beams under 
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varying rates of loading. The results showed that the Brittle Cracking model, despite its 
simplicity, can provide accurate results (especially for cases where the response is 
dominated by tensile failure such as beams under flexural loading and for brittle 
materials such as concrete). Brittle Cracking model can be mainly employed to model 
the behaviour of SFRC beams subjected to impact loading. The key advantage is that 
the model requires the calibration of a small number of variables. The Damaged 
Plasticity model can also provide accurate results when modelling SFRC specimens 
subjected to static loading, the main disadvantage is that its use requires the calibration 
of a large number of parameters. 
The NLFEA study presented also confirmed that under high-rate loading conditions, the 
response of both RC and SFRC beams becomes stiffer and allows the beam to attain 
higher levels of loading. It also showed that the use of fibres in both RC and SFRC 
beam specimens results in increase of load carrying capacity and energy absorption of 
the structural elements under impact.  
The numerical results also showed the delay between the impact and reaction forces, 
and contours of principal strains data showed the severity of the structural response as 
the loading rate is raised. The tensile strains at fibre pull-out showed that wider and 
deeper cracks are caused at higher loading rates. The distribution of principal strains 
along the span of the beams at maximum deflection for static and impact loading 
obtained by NLFEA show good agreement to the cracking patterns captured 
experimentally  
9.6 Summary of conclusions 
A comparison of the behaviour of the beam specimens mainly during the initial stages 
of the drop-weight tests with that established experimentally when the same specimens 
were subjected to equivalent static loading reveals significant differences, which 
confirms the findings of published experimental and numerical studies carried out to 
date [9.13]–[9.24] on similar RC and SFRC beam specimens. 
When subjected to impact loading the RC and SFRC beam specimens undertake higher 
values of loading compared to their load-carrying capacity established under equivalent 
static loading, while at the same time exhibiting a stiffer response. This change in 
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structural response is essentially attributed to the more localised response exhibited by 
the beams which is mainly confined to the mid-span region (i.e. the area at which the 
load is exerted) as the loading rate increases. This is likely to be linked to the inertial 
forces that develop along the span of the specimen as it deforms and the localised 
response exhibited. The localised response exhibited under impact loading results in a 
reduction of the length of the beam responding to the applied load. This leads to an 
increase of the beam’s stiffness and load-carrying capacity as the loading rates increase. 
By increasing applied loading rates, high values of strain rate in the mid-span area of the 
beam are exhibited once the concrete medium suffers considerable cracking and, as a 
result, these high strain rates do not correspond to a concrete material but are linked to 
post-failure behaviour of a cracked area of the beam. The values of strain rate in the 
critical early stages of the impact test were found to be lower than the threshold 
established experimentally over decades of testing describing the variation of the 
concrete compressive and tensile strength under different strain rates [9.25]. Thus the 
increase in load-carrying capacity with the rate of loading observed in the present study 
cannot be attributed to an increase in the material strength due to strain rate sensitivity.  
After the maximum impact force is attained, cracks start developing and continue to 
increase in width while further penetrating into the compressive zone as the deflection 
of the SFRC beam continues to increase due to inertia. In some cases the cracking 
sustained results in extensive disintegration of the concrete medium resulting in the 
SFRC beams to depend on residual (post-failure) mechanisms for transferring the 
applied load to the supports with the help of fibres and dowel and catenary action. 
Based on the above it becomes evident that it is dificult to establish when the specimens 
have actually failled (i.e. stopped behaving as SFRC member and started depending on 
residual load mechnaisms for tranferring the applied load to the supports). Therefore, 
the peak load measured during each test should not be confused with the load-carrying 
capcity of the SFRC memebers studied.  
Adding steel fibres to concrete medium, causes the RC beam show more global 
response during different stages of impact loading process which results in the 
development of more distributed cracks along the beam, this effect is more significantly 
observed when the beams are reinforced with 5D fibre with a Vf = 1%. The use of steel 
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fibres results in increase of load carrying capacity and energy absorption of the 
structural elements under impact. The deflection at the beam mid-span also increases 
compared to the RC case indicating the ductility provided by the steel fibres. The extent 
of the effective length around the point of application of the impact load seems to also 
improve due to the addition of fibres. 
9.7 Recommendations for future work  
The following topics are suggested to extend the work to: 
1- Investigate the impact response of other types of SFRC structures, such as slabs, 
column, walls and etc. 
2- Examine other types of fibres such as Polyvinyl alcohol fibres (PVA) which are 
used to reinforce Engineered Cementitious Composite (ECC) which is a fibre 
reinforced mortar with fine aggregates within the class of High Performance 
Fibre Reinforced Cementitious Composites (HPFRCCs) under static and impact 
loading. 
3- Further develop a physical model, based on Compressive Force Path (CFP) 
method, capable of effectively describing the mechanics underlying the 
structural performance of the SFRC and ECC structural members under impact 
that will form the basis of a proposed analysis method. 
4- Demonstrate the ability of the proposed method of analysis to be applied for 
assessing the dynamic response of more complex structures (such as frame) in 
terms of performance and structural resilience. 
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Appendix A: Model Calibration Work 
A.1 Background 
A series of analyses were carried out to validate the results obtained by ABAQUS by 
the previous experimental data. For this reason, models have been chosen in the 
subsequent parametric study to perform a comparative study between numerical and 
experimental results. Initially analyses were carried out with ABAQUS models (i.e. 
Brittle Cracking and Damaged Plasticity) of SFRC specimen in the light of existing 
experimental data at both material and structural level for both static and impact tests. 
With regards to investigations at the static tests, experimental work by Trottier and 
Banthia (1994) [A.1] , and Campione and Mangiavillano (2008) [A.2] was considered 
and presented in sections A.2 and A.3, respectively. Similarly, SFRC beams tested 
under impact by Zhang (2014) [A.3], and Yoo (2015) [A.4] were analysed in sections 
A.4 and A.5, respectively.  
Subsequently, calibrations on RC beams (i.e. without fibres) were carried out with using 
the experimental data on beams undergoing ductile response (i.e. Hugheas and Spiers 
(1982) [A.5]) under quasi static and then different rates of loading. The analyses were 
carried out to ensure that FE analysis software, associated constitutive model and 
ABAQUS design model (as described in chapter 3) is capable of yielding good 
predictions in regards to RC structures. The results are presented in section A.6 along 
with the other numerical results obtained by other software and also the experimental 
data. 
A.2 SFRC four-point bending quasi-static test: Trottier and Banthia (1994) [A.1] 
A.2.1 Experimental data and analysis procedure 
The beams tested by Trottier and Banthia (1994) [A.1] considers the material behaviour 
of SFRC beam subjected to four-point bending quasi-static loading. The dimensions and 
loading condition of the beams are shown in Figure A.1. The details of the hooked end 
steel fibres used to reinforce the beams are shown in Table A.1. The uni-axial 
compressive strength (𝑓𝑐) of the plain concrete is 40MPa. The tensile stress-strain 
relation used for modelling the specimen in ABAQUS based on Lok and Xiao (1999) 
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[A.6] is shown in Figure A.2. The tension-softening of the concrete after cracking is 
shown by a multi-linear descending curve.  
 
Figure A.1- Dimension and loading condition of the beams (Modified from Trottier and Banthia (1994) 
[A.1]) 
Fibre type lf (mm) df (mm) fc (MPa) ft (MPa) 
Hooked-end (F1) 60 0.8 1115 0.51 
Table A.1- Summary of geometry, tensile strength and fibre content for each type of steel fibres 
(Modified from Trottier and Banthia (1994) [A.1]) 
 
Figure A.2- Tensile stress-strain diagram for Trottier and Banthia (1994) [A.1] SFRC beams  
A.2.2 Discussion of ABAQUS simulation results 
The results of two ABAQUS models (Brittle Cracking and Damaged Plasticity) are 
compared with their counterpart experimental results in Figure A.3.  The results show 
that Damaged Plasticity model can show the behaviour of SFRC specimens under static 
loading applied at its mid-span better than Brittle Cracking model. Both Brittle 
Cracking and Damaged Plasticity models show good agreement to the experimental 
results up to the peak point, but after reaching the peak point, Damaged Plasticity model 
shows smoother result which comply better with the experimental results. 
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Figure A.3- Comparison graphs for Brittle Cracking and Damaged Plasticity models with experimental 
results for beams considered by Trottier and Banthia (1994) [A.1]  
A.3 SFRC three-point bending quasi-static test: Campione and Mangiavillano 
(2008) [A.2] 
A.3.1 Experimental data and analysis procedure 
The Three-point beams tested under flexure to represent the structural behaviour of 
SFRC beams under static loading are shown in Figure A.4. The beams were tested with 
hooked steel fibres at volume percentage of 0% and 1%. The compressive strength of 
plain concrete is 30MPa. The characteristics of the steel fibres are shown in Table A.2. 
Furthermore, the elasticity modulus (𝐸𝑟), the yield stress (𝑓𝑦), and the ultimate strength 
(𝑓𝑢) and ultimate strain (𝜀𝑢) for steel bars are shown in Table A.3. Lok and Xiao (1999) 
[A.6] model was employed in ABAQUS to model tensile behaviour of SFRC in tension. 
The results are compared with experimental results. 
 
Figure A.4- Dimension and loading condition of the beams (Modified from Campione and Mangiavillano 
(2008) [A.2]) 
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Fibre type lf (mm) df (mm) fc (MPa) ft (MPa) Vf (%) 
Hooked end (0%) - - 30.82 2.81 0 
Hooked end (1%) 30 0.5 34.72 3.52 1 
Table A.2- Summary of geometry, compressive strength and fibre content (Modified from 
Campione and Mangiavillano (2008) [A.2]) 
 
dr 𝑓𝑦(MPa) 𝑓𝑢(MPa) 𝜀𝑢(%) 𝐸𝑟(MPa) 
6 520 620 10 206000 
12 467 546 14 206000 
Table A.3- Mechanical properties of steel bars (Modified from Campione and Mangiavillano (2008) 
[A.2]) 
Figure A.5 and Figure A.6 show the material model applied into FE models in 
ABAQUS. The tensile strength is considered to be 2.8MPa and 3.3MPa for specimens 
with 0% and 1% fibre, respectively. The bond stress between steel fibre and concrete is 
considered to be 7.1MPa as it is the value investigated by Lim et al. (1987a, b) [A.7].  
 
Figure A.5- Tensile stress-strain diagram for Campione and Mangiavillano (2008) [A.2] volume 
percentage of 0% 
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Figure A.6- Tensile stress-strain diagram for Campione and Mangiavillano (2008) [A.2] volume 
percentage of 1% 
A.3.2 Discussion of ABAQUS simulation results 
The comparison between ABAQUS and experimental results for fibre volume 0% and 
1% are shown in Figure A.7. Again Damaged Plasticity model can simulate better the 
experimental behaviour and give a smoother result. Figure A.8(a,b) shows the contours 
of principal strains on the beam under static loading for beam without fibre and with 
fibre. The tensile strain that causes fibre pull-out of 0.02 is also highlighted for beams 
containing fibres. The presence of fibres seems to have decreased the number of cracks 
and the development of wider cracks that penetrate to the compression zone indicating 
that the fibres have helped ensure the development of a more ductile flexural failure 
mode.   
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(b) 
Figure A.7- Comparison graphs for Brittle Cracking and Damaged Plasticity models with experimental 
results for beams considered by Campione and Mangiavillano (2008) [A.2] for beams with fibre volume 
content (a) 0% and (b) 1% 
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(b) 
Figure A.8- Principal strain distribution along the beams for  monotonic tests along the beams with fibre 
content (a) 0%, and (b) 1%  compared with cracking patterns from Campione and Mangiavillano 2008 
[A.2] 
A.4 Three-point impact test: Zhang (2014) [A.3] 
The beam considered by Zhang (2014) [A.3] was chosen in the present numerical study 
to investigate the responses of SFRC at the material level under low and high-loading 
rates. The beam was reinforced with hooked-end steel fibres provided at a volume 
fraction of Vf = 0.8%. The dimensions of the beam specimen and the notch induced 
conform to the RILEM indirect tensile testing standard for SFRC [A.8].  
A.4.1 Experimental data and analysis procedure 
Three-point bending tests under various loading rates were undertaken by Zhang et al. 
[A.3] on the simply-supported SFRC beam depicted in Figure A.9. The properties of 
steel fibres and concrete strengths are summarised in Table A.4 and no other form of 
reinforcement was provided. The beams were notched at the centre with a notch-to-
depth ratio of around 1/6. Static testing was carried out as well as impact testing using a 
hammer weighting 120.6kg dropped from three different drop weight heights of 40mm, 
160mm and360 mm leading to impact velocities (i.e. loading rates) of 8.85 × 102mm/s, 
1.77 × 103mm/s and 2.66 × 103mm/s, respectively. The heights were chosen so that 
the maximum impact energy - i.e. the one associated with drop height 360mm - was not 
enough to break the beam completely and thus the study is useful in examining the 
fracture behaviour of the SFRC (as opposed to studying post-failure mechanisms 
commonly associated with specimens tested under impact loads which led to their 
complete destruction and thus rendering the corresponding results of little practical use). 
Figure A.10 shows the tensile stress-strain relationship applied into the FE model of 
ABAQUS based on Lok and Xiao (1999) [A.6] for the fibre content of 0.8%. 
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Figure A.9- Dimension and loading condition of SFRC beams (Modified from Zhang (2014) [A.3]) 
Fibre type lf (mm) df (mm) fc (MPa) ft (MPa) Vf (%) 
Hooked-end  35 0.75 0.8 76 5.1 
Table A.4- Summary of geometry and fibre content for SFRC beams (Zhang (2014) [A.3]) 
 
Figure A.10- Material models values applied into ABAQUS for beam 𝑣𝑓 =0.8% 
A.4.2 Discussion of ABAQUS simulation results 
The comparison between the experimental data under the static load and the numerical 
counterparts is depicted in Figure A.11; again better agreement is seen between 
Damaged Plasticity model and experiment results rather than Brittle Cracking model.  
The results of the comparison between experimental and numerical studies for impact 
loading are presented in Figure A.12, which shows good agreement between both sets 
of data for maxPd/maxPs for different loading rates. Both the Damaged Plasticity and 
Brittle Cracking models are in good agreement with experimental data. The results 
show that the load-carrying capacity of the beam increases as the loading rate increases.  
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Figure A.11- Comparison of static load-deflection in the middle of the beam for Experimental, Damage 
Plasticity and Brittle Cracking results 
 
Figure A.12- Comparison results of experimental and numerical analysis for maxPd/maxPs 
Figure A.13(a-c) shows the comparison between the predictions describing the variation 
of the generated reaction forces with time and mid-span deflections obtained using both 
ABAQUS Brittle Cracking and Damaged Plasticity models, and their experimentally 
established counterparts for the different loading rates considered. Good agreement is 
observed between the numerical results and the experimental data, with the predictions 
obtained from the Brittle Cracking model providing a closer match to the test data. 
Figure A.14(a-d) shows the contours of principal strains on the beam under static 
loading as well as at different rates of impact loading (with the latter modelled using a 
striker) prior to failure. The data essentially shows the extent of the damage sustained 
by specimens prior to failure when considering different loading rates. The tensile strain 
that causes fibre pull-out of 0.02 is also highlighted, which shows that wider and deeper 
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cracks are caused at higher loading rates. The presence of fibres seems to have 
expanded the region affected by the impact load. Crucially, it has allowed for the 
development of wider cracks that penetrate to the compression zone than in the case of 
static loading, indicating that the fibres have helped ensure the development of a more 
ductile flexural failure mode. 
Figure A.15(a-c) depicts the deflected shapes of the beam when the maximum contact 
force, maximum reaction force were reached as well as the maximum deflection at 
failure (i.e. at ultimate force) for different loading rates. The data shows the effect of the 
lag between contact and reaction forces on one hand and the ultimate force on the other. 
The significant difference in deflection values (especially the peak one at the centre of 
the beam) demonstrates the ductility and the slowing of the impact stress wave due to 
the fibres. 
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(c) 
Figure A.13- Comparison between impact and reaction forces versus time (left) and reaction force versus 
displacement (right) for experimental, Damaged Plasticity and Brittle Cracking numerical models results 
at loading rates (a) 8.85 × 102mm/s, (b) 1.77 × 103mm/s and (c) 2.66 × 103mm/s for Zhang et al. [A.3] 
beams  
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 (c) 
   
 
(d) 
Figure A.14- Principal strain distribution along SFRC beam for loading rates (a) static loading (b)8.85 ×
102 mm/s, (c)1.77 × 103 and (d) 2.66 × 103 mm/s compared with cracking patterns from Zhang et al. 
[A.3] 
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(a) 
 
(b) 
 
(c) 
Figure A.15- Deflected shapes at the maximum impact force, maximum reaction force and maximum 
deflection (i.e. failure) for loading rates (a) 8.85 × 102mm/s, (b) 1.77 × 103mm/s and (c) 2.66 ×
103mm/s for Zhang et al. [A.3] beams 
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A.5 Three point impact test: Yoo (2015) 
The beam was chosen in the present numerical study to examine the responses of SFRC 
at the structural level under impact loading as the beam dimensions are more substantial 
than those considered in the preceding Zhang et al. [A.3] beam case study (at the 
material level). The rate of loading and the amount of fibres were kept the same whilst 
the conventional longitudinal reinforcement was increased.      
A.5.1 Experimental data and analysis procedure 
Four large-sized beams were fabricated and tested using a drop-weight impact test 
machine by Yoo et al. [A.4]. For the impact loading test, a drop-weight impact test 
machine with a drop-weight of 270 kg was used to fall from the height of 1600mm on 
the Ultra High Performance Fibre Reinforced Concrete (UHPFRC). Different 
reinforcement ratio of 0% (UH-N), 0.53% (UH-S-0.53%), 1.06% (UH-S-1.06%), and 
1.71% (UH-S-1.71%) were used for the beams. The dimensions, reinforcement and 
loading details of the simply-suppported beam specimens tested by Yoo (2015) are 
depicted in Figure A.16, while Table A.5 and Table A.6 show mateial properties of 
SFRC and properties of steel reinforcing bars, respectively.  
 
Figure A.16- Dimension and loading condition of SFRC beams with section details of impact test 
program (a) UH-N, (b) UH-S-0.53%, (c) UH-S01.06%, and (d) UH-S-1.71% (Modified from Yoo (2015) 
[A.4]) 
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Fibre type lf (mm) df (mm) fc (MPa) ft (MPa) Vf (%) 
Hooked-
end 
13 0.2 152.5 17.6 2 
Table A.5- Material properties of SFRC (Yoo, 2015)  
Rebar Type dr (mm)  Ar (mm
2) Er (GPa) fy (Mpa) fu (Mpa) 
D13 steel bar 12.7 126.7 200 522.7 627.6 
Table A.6- Properties of steel reinforcing bar (Yoo, 2015)  
Where dr=nominal diameter of rebar, Ar=area of rebar, Er=elastic modulus of rebar, fy=yield strength of 
rebar, fu=ultimate strength of rebar. 
A.5.2 Discussion of ABAQUS simulation results 
Figure A.17 shows the comparison between the results for deflection obtained using 
ABAQUS Brittle Cracking concrete model, Damaged Plasticity model and those 
recoded experimentally for different reinforcement ratios. It can be seen that the 
numerical results obtained by Brittle Cracking are in good agreement with the 
experimental results. The Damaged Plasticity model can’t give realistic results for the 
behaviour of SFRC beam with no compressive reinforcemnet under impact loading. The 
results show that the Brittle Cracking model, despite its simplicity, can provide accurate 
results (especially for cases where the response is dominated by tensile failure such as 
beams under flexural loading and/or for highly-brittle materials such as high-strength 
concrete presently used).   
Figure A.18 shows the distribution of principal strains, which was used to illustrate the 
cracking patterns. The strain contour intervals were chosen so that the grey area denotes 
the strain at steel fibre pull-out failure (i.e. 0.02). The figures show good agreement 
between the cracking patterns captured experimentally and their numerical counterparts. 
The ultimate compressive strain of 0.0035 was also considered in the contours and no 
such value was detected meaning that no compressive (i.e. crushing) failure was 
present. A similar observation was made in the experimental studies, in all the impact 
tests, as it was found that the compressive strain was lower than the ultimate strain and 
that the UHPFRC provided an almost linear compressive stress-strain response up to 
failure [A.4]. This explains the close agreement between the experimental results and 
the corresponding numerical ones using the Brittle Cracking model as the latter assumes 
an elastic response in compression. Experimentally, it was also found that the steel bars 
have yielded in all test specimens, corresponding to the numerical results. It was also 
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found that the addition of fibres and the increase in steel bar reinforcement has led to a 
more ductile response and allowed for the development of cracks in the compression 
zone, which lack bar reinforcement. The differences between the static and impact load 
effects on the beams can also be seen in Figure A.18, which clearly show that the fibres 
allowed for a larger region of the beam to respond to the impact load applied. It can also 
be seen that the depth and width of the fibre pull-out failure zone has reduced as the bar 
reinforcement was increased, indicating that the additional bar reinforcements led to 
better control of cracks (but made the response somewhat stiffer, as can also be seen in 
Figure A.19).  Figure A.19 depicts the deflected shapes of the beam when the maximum 
impact force, maximum reaction force were reached as well as the maximum deflection 
at failure (i.e. at ultimate force) for different loading rates. The results show the delay 
between the impact and reaction forces indicating the ductility provided by the fibres 
and bars (this is clear also from the marked difference between failure and deflection 
and those measured at peak impact force. It is also interesting to note that deflection at 
failure (i.e. at ultimate load), have reduced as the longitudinal bar reinforcement steel to 
concrete ratios were increased, demonstrating the stiffness provided by these bars. The 
time delay between impact and reaction forces can also be seen in Figure A.20, which 
indicates the ductility and the reduction in stress wave spread due to the fibres and 
additional bars.  
 
(a) UH-N 
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(b) UH-S-0.53% 
 
(c) UH-S-1.06% 
 
(d) UH-S-1.71% 
Figure A.17- Comparison of experimental deflection-time response of UHPFRC beams after 1st drop 
with Brittle Cracking (BC) numerical model results for (a) UH-N, (b) UH-S-0.53%, (c) UH-S-1.06% and 
(d) UH-S-1.71% for Yoo et al. [A.4] beams 
 
         
 
290 
 
  
 
 
 
(a) UH-N 
  
 
 
 
(b) UH-S-0.53% 
 
 
IMPACT 
STATIC 
STATIC 
IMPACT 
 
         
 
291 
 
 
 
 
 
(c) UH-S-1.06% 
 
  
 
 
 
(d) UH-S-1.71% 
 Figure A.18- Principal strain distribution along SFRC beam under static and impact loading after 1st drop 
for (a) UH-N, (b) UH-S-0.53%, (c) UH-S-1.06% and (d) UH-S-1.71% compared with cracking patterns 
from Yoo et al. [A.4] 
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Figure A.19- Deflected shapes at the maximum impact force, maximum reaction force and maximum 
deflection (i.e. failure) after 1st drop for (a) UH-N, (b) UH-S-0.53%, (c) UH-S-1.06%, AND (d) UH-S-
1.71%  
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(d) 
Figure A.20- Impact and reaction force versus time for beams (a) UH-N, (b) UH-S-0.53%, (c) UH-S-
1.06%, and (d) UH-S-1.71% 
A.6 RC specimen: Hughes and Speirs (1982) [A.5] 
A.6.1 Experimental data and analysis procedure 
Initially, the case of RC beam tested by Hughes and Spiers (1982) [A.5] was modelled 
using NLFEA under both static and dynamic (i.e. high-rate/impact) loading and 
subsequently a further study was carried out by adding fibres to this specimen in order 
to study SFRC under impact (Behinaein et al., 2016) [A.9]. Crucially, the numerical 
studies were also used to address the shortcoming in the impact experiments as they 
resulted in the complete destruction of the specimen and thus produced post-failure 
characteristics of little value in terms of design. Therefore, in the numerical studies, the 
impact loading was applied gradually in pulses in order to pin-point the actual failure 
point and consequently the load-carrying capacity of the beam.   
The beams studied are simply supported beams which were investigated by Hughes and 
Speirs (1982) [A.5]. The specimen was designed to undergo a ductile (i.e. flexural) 
failure mode. The details of beam specimen are depicted in Figure A.21. The modulus 
of elasticity Er, the yield stress fy and the ultimate strength fu of both the longitudinal 
and transverse reinforcement bars are 206GPa, 460MPa and 560MPa, respectively. 
Concrete cover to reinforcement of 25 mm was provided throughout the beam. The 
uniaxial compressive strength fc of concrete is 45MPa. The beams were subjected to 
drop weight testing at their mid-spans. Mild steel, rubber or ply pads were placed on the 
top face of the specimen in order to prevent or moderate local damage in the impact area 
and to some extent control the rate of loading. 
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(a) (b) 
Figure A.21- Arrangements of RC beam investigated numerically (adopted from specimen C2 tested by 
Hughes and Spiers (1982) [A.5] showing (a) longitudinal and (b) cross-sectional details  
By considering the symmetrical geometry of the beam, only a quarter of the beam is 
modelled in ABAQUS. Tensile cracking strain is considered to be 0.001, and shear 
retention factor is considered as 0.1 (𝜌𝑐𝑙𝑜𝑠𝑒 = 0.1). The analysis is carried out using 
Brittle Cracking and damage plasticity model, considering the specimen under static and 
different high rate loading. The results obtained by ABAQUS are compared with 
experimental data.  
A.6.2 Numerical predictions for RC beam under static loading  
Nonlinear FE analysis was carried using 3D brick elements with a mesh size of 20mm 
as depicted in Figure A.22(a). Owing to the symmetrical geometry of the beam, only a 
quarter of the beam was modelled and small steel plates were provided at support and 
loading points to mimic the experimental setup and help avoid pre-mature localised 
numerical failure. The tensile cracking strain of concrete was considered to be 0.001 
and the shear retention factor was taken as 0.1. The analysis was carried out using both 
Brittle Cracking and Damaged Plasticity model, considering the specimen under static 
and different high rate loading. The comparison between the FE-based predictions and 
experimental results for the static load case are presented in in Figure A.22(b), which 
shows that there is reasonable agreement between the ensuing load-deflection curves for 
both ABAQUS concrete models considered.   
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(a) 
 
 
(b) 
Figure A.22- (a) FE mesh adopted and (b) comparison between numerical and experimental results for 
RC beam specimen C2 under static load tested by Hughes and Speirs [A.5] 
A.6.3 Numerical results for RC beam under impact loading  
For the impact test case, the results obtained as the maximum dynamic load and 
deflection over static load are compared with the corresponding experimental and 
numerical results of Hughes and Speirs (1982) [A.5] and Cotsovos (2010) [A.10] as 
depicted in Figure A.23(b,c). Even though the experimental results are scattered, both 
current and previous numerical data show good agreement with each other and are 
within the scatter range of experiential results (on the safe side). Different loading rates 
were considered in the numerical study ranging from 10 to 1000 kN/msec, which were 
applied once monotonically and then in the form of a pulse load. The pulse load was 
applied in different stages; initially using the value of the maximum load sustained 
monotonically and consequently that load was reduced every time by 10% (of the 
maximum monotonic load sustained). The reduction continued in this manner to the 
point that the beam can bear the applied load, as shown in Figure A.23(a). The aim was 
to determine the actual load-carrying capacity as the load applied during the 
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experimental testing led to the complete destruction of the specimen and hence was not 
useful in determining the load-carrying capacity of the specimen. This is a common 
shortcoming of experimental testing under high rates of loading and limit its usefulness 
in terms of design, where a containment is needed up to a certain load threshold. To 
address this, the NLFEA-based study considered applying in the reduced pulse manner 
described in order to help pinpoint the actual failure point and determine the all-
important load-carrying capacity value.  
The variation of the dynamic increase factor (DIF) was considered as depicted in Figure 
A.23(b), i.e. the maximum load sustained by the RC beams under high rate loading 
normalised with respect to its counterpart under static loading maxPd/maxPs, which 
shows a good correlation between the experimental and numerical results. Another 
indicator of the DIF was also considered, namely the ratio between the maximum 
displacement at mid-span under the dynamic load and the corresponding displacement 
under static load maxdd/maxds. Both NLFEA-based DIF values (i.e. maxPd/maxPs and 
maxdd/maxds) at different loading rates were considered, using both monotonic and 
pulse load application methods, as depicted in Figure A.23(b & c). The latter shows that 
an increase in the loading rate leads to an increase in stiffness and load-carrying 
capacity combined with a decrease of the maximum deflection at mid-span. The 
responses of the monotonic and pulse loading methods of application show that the 
actual failure (i.e. pulse) load is approximately two thirds of the impact load recorded in 
the experiment. A similar conclusion can be made with regards to the central deflection. 
The discrepancy between the responses (i.e. strength and stiffness) of the two loading 
application methods increases as the loading rate is raised. Indicative deformed shapes 
and cracking patterns (the latter examined by considering the principal strains contours) 
of the beam specimen under different pulse load rates at maximum displacement (i.e. 
failure) are shown in Figure A.24(a-e). The strain contours’ intervals were selected to 
reflect the material characteristics (so in tension a grey colour was used to represent 
strains at cracking strain for RC beams and the strains at pull-out failure for SFRC 
beams, whilst in compression dark colour close to black was used to represent crushing 
strain of 0.0035). For the low rates of loading, the deformation and cracking pattern is 
similar to the static loading case as cracks propagate along the entire beam from the 
point of applying the load to the support. On the other hand, as the loading rate is 
increased, the cracked zone decreases until it becomes more localised in the vicinity of 
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the applied impact load with the highest loading rate. This crack propagation shows that 
beam acts as a reduced span beam with fixed ends forming at a distance from the 
applied load, and the rest of the beam remain unaffected. This shows that as the rate of 
loading increases, the length portion of the beam mostly affected by the applied load 
reduces. For relatively high rates of loading, this effective length (Leff) is confined in the 
region of the beam mid-span extending on either side of the mid-span cross section to a 
distance marked by the formation of vertical flexural cracking initiating at the upper 
face and extending downwards, whereas the remainder of the beam (i.e. the portions 
extending between the supports and the aforementioned cracking) remains practically 
unaffected by the applied load. Therefore, under high rates of loading, the beam 
behaviour is essentially characterized by Leff.   
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(c) 
Figure A.23- (a) Applied load time history for monotonic and pulse load for RC, (b) comparison of 
experimental and numerical results for maxPd/maxPs for different monotonic and pulse loading rates, and 
(c) maximum dynamic deflection over maximum static deflection 
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(d) 
(e) 
Figure A.24- Principal strain distribution along the RC beam at maximum displacement (i.e. failure) for 
different pulse loading rates (a) 10kN/msec, (b) 40kN/msec, (c) 100kN/msec, (d) 400kN/msec, (e) 
1000kN/msec 
A.6.4 Numerical results for SFRC beam under static and impact loading  
Following the preceding study of the RC beam (specimen C2) tested by Hughes and 
Spiers [5] that also served to validate the FE model and strategy used, steel fibres were 
added with a volume fraction (Vf) value of 1%. The aim of this NLFEA-based study was 
to enhance understanding of the effect of steel fibres on structural behavior of RC 
elements under low and high rates of loading. The material constitutive model proposed 
by Lok and Xiao [A.6] was adopted in order to define the post-cracking tensile stress-
strain relationship for SFRC. The load-deflection results under static loading are 
presented alongside the ones for RC beams (i.e. without fibres) in Figure A.25. The 
curves were obtained using a displacement-based loading method with incremental 
displacements applied at the mid-span of the beam. As it is shown, by adding 1% steel 
fibres to the concrete matrix, both the load-carrying capacity and stiffness were 
enhanced. The results were extended to include all loading rates considered and the 
ensuing load-deflection curves for different loading rates are depicted in Figure A.26. 
The load-deflection curves clearly demonstrate the enhancement in load-carrying 
capacity and ductility due to the addition of fibres. A comparison between the values of 
the peak loads and deflections (for RC beams and their counterpart SFRC ones) is 
summarised in Table A.7. The results show that the addition of fibres leads to an 
increase of both strength and ductility (with the maximum load and deflections used to 
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denote these two key structural performance characterises, which have particular 
importance for impact-resistant design). The enhancement changes depending on the 
loading rate applied, ranging from 40% to 74% when the load is applied monotonically 
(similar trends were found when the load applied as a pulse, i.e. when the actual failure 
point was sought under impact loading as explained earlier). The enhancement to 
ductility is as high as 4.8 times the one associated with RC for monotonic loading (and 
5.7 for pulse loading). The lowest value for ductility increase due to fibres was found to 
be ~2.9, which is still a significant improvement. A comparison between the maximum 
pulse load and the corresponding monotonic load reveals that the actual load-carrying 
capacity is 0.47~0.64 and 0.52~0.70 for RC and SFRC beams, respectively. This 
suggests that the relevant tests data are associated with post-failure behaviour and that 
that the true load-bearing capacity of the RC and SFRC beams considered under impact 
loading is considerably lower than the values recorded experimentally. This, and the 
potential benefits due to fibres, have useful implications in terms of impact-resistant 
design. Additionally, the maximum deflection for the pulse load was compared with the 
monotonic load counterpart. It was found that the ratio between the maximum 
deflection due to pulse and monotonic loads is 2.23~5.34 and 1.73~7.30 for RC and 
SFRC beams, respectively. This shows that the pulse load approach captures the whole 
deflection from start of impact until the load pulse becomes zero. This is essential as the 
beam will continue to deflect under its own inertial forces during the unloading phase of 
the impact load. Thus, the deflections will continue to increase while the striker is 
rebounding away from the beam. The monotonic approach does not capture this lag 
between the load and deflection. These inertial forces, due largely to the mass of the 
localised affected zone Leff, could explain the increase in both strength and deflection 
(and the associated surge in strains) under impact loading. From this viewpoint, the 
increases are due to the inertial forces of the effective part of the beam rather than due 
to changes in material properties, such as strain rate dependency.         
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Figure A.25- Comparison between static load-deflection curves in the middle of SFRC and RC beams 
 
Figure A.26- Comparison between load-deflection curves in the middle of SFRC and RC beams under 
different loading rates (for monotonic load case) 
 
Loading rate 
(kN/msec) 
Maximum load (kN) Maximum deflection (mm) 
SFRC RC SFRC/RC SFRC RC SFRC/RC 
10 120.00 68.88 1.74 35.62 7.40 4.81 
40 186.48 132.16 1.41 13.13 4.51 2.91 
100 275.00 197.12 1.40 9.63 3.28 2.94 
400 465.84 316.74 1.47 4.17 1.32 3.16 
1000 742.50 470.40 1.58 2.73 0.75 3.64 
(a) 
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Loading rate 
(kN/msec) 
Maximum load (kN) Maximum deflection (mm) 
SFRC RC SFRC/RC SFRC RC SFRC/RC 
10 
72 
(0.60) 
43.91 
(0.64) 
1.64 
61.49 
(1.73) 
16.47 
(2.23) 
3.73 
40 
130.54 
(0.70) 
75.52 
(0.57) 
1.73 
51.81 
(3.95) 
12.44 
(2.76) 
4.16 
100 
181.5 
(0.66) 
107.52 
(0.55) 
1.69 
41.11 
(4.27) 
9.9 
(3.02) 
4.15 
400 
292.8 
(0.63) 
161.6 
(0.51) 
1.81 
30.43 
(7.30) 
5.34 
(4.05) 
5.70 
1000 
388 
(0.52) 
220.5 
(0.47) 
1.76 
14.69 
(5.38) 
3.83 
(5.11) 
3.84 
(b) 
Table A.7- A comparison between strength and ductility values for RC and SFRC beams under (a) 
monotonic and (b) pulse loading (the maximum load and deflection of the latter is also expressed as 
ratio of monotonic load)  
A comparison between the ratios of maximum dynamic to static load-carrying capacity 
for different rates of loading (maxPd/maxPs) and maximum dynamic to static 
displacement (maxdd/maxds), for both RC and SFRC are shown in Figure A.27(a,b), 
respectively. An increase in load-carrying capacity and maximum deflection in the mid-
span of the beam is observed for SFRC compared to RC counterparts, which becomes 
more pronounced as the loading rate is raised. Similar trends were found when the 
loading was applied as a pulse (i.e. when attempting to pinpoint the actual failure point) 
as can be seen in Figure A.28(a,b), which show that the increase of load-bearing 
capacity due to the addition of fibres can be as high as three folds for high loading rates. 
This indicates the potential benefits of fibres in design terms for concrete beams under 
impact loading. The cracking (examined by considering the principal strains contours) 
and deformed shape patterns are depicted in Figure A.29(a-e), which shows the 
principal strain distribution along the SFRC beam, at maximum displacement (i.e. 
failure), for different pulse loading rates ranging from 10 to 1000 kN/msec. As pointed 
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out earlier, the grey colour in the contour intervals denotes the pull-out failure region 
within the beam. The results show that the strains become more localised as the loading 
rate increased. A comparison between the deflected shapes profiles along both RC and 
SFRC beams at the maximum contact (i.e. impact) force is depicted in Figure A.30(a,b). 
The results are shown for different loading rates, i.e. 10, 40, 100 kN/msec in Figure 
A.30(a) and 400 and 1000 kN/msec in Figure A.30(b). It can be seen that the localised 
zone affected by the load (i.e. Leff, which is indicatively shown in the figures) decreases 
as the loading rate increases. Crucially, however, the fibres help widen this localised 
zone compared to the one observed in the corresponding RC beam. Additionally, the 
fibres enhance the ductility of the beams as evident from the increased deflections and 
deflected shape profiles of SFRC beams.   
 
(a) 
 
 
(b) 
Figure A.27- (a) Comparison of maxPd/maxPs for RC and SFRC, and (b) Comparison of maxdd/maxds for 
RC and SFRC under monotonic load at different loading rates 
 
         
 
305 
 
 
 
(a) 
 
 
(b) 
Figure A.28- (a) Comparison of maxPd/maxPs for RC and SFRC, and (b) Comparison of maxdd/maxds for 
RC and SFRC under pulse load at different loading rates 
 
(a) 
 
(b) 
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(c) 
 
(d) 
 
(e) 
Figure A.29- Principal strain distribution along the SFRC beam at maximum displacement (i.e. failure) 
for different pulse loading rates (a) 10kN/msec, (b) 40kN/msec, (c) 100kN/msec, (d) 400kN/msec, (e) 
1000kN/msec 
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 (a) 
 
(b) 
Figure A.30- Comparison between deflected shapes along RC and SFRC beams at the maximum impact 
force for pulse loading rate (a) 10, 40, 100kN/msec and (b) 400 and 1000kN/msec (the localized effective 
length Leff, is also indicated) 
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